


























































































¦«;¯D¥ ¶N«¯N©¤¥¦»3¦¥å½ﬀ¾U°/·¥£=©¶N«	¥F¯D¦«/¨£R¤¬ ¶¹ × û −5 ¿Ø¥o¶N«æ¦«¥ª/(¤«/¤¢±P½¹j¦«/¨%¶¹ ¶D²1¦«3¥o¤¢o·¥
ÔÉåþ=µ4ÈümÕ³ÅRÂ¤¥o©¤¥o¶N¢m¨%·¦±P«:¯D«/¨-¦«/·o¥F¯D¬¦¬Ù¯D¥ ¶N«ÌÁ%¢o¶3©¨°%¢o·Âª;¯»4¾W¦«%¦¾W¦­¨B¥ª/U°%«/·oª% ¤¬ ¨/¯D£%¬ 
£;¯N©oµ9±P¢o¶N°%«/¨¶D²m¥ª/B¿¶N¢o³À9¦«/¶¾+¨¦°%¾ô¦¥o·o¤¬×²§1¯D¢ ·¦«%±²¢o¶N¾ç«;¯D¥°%¢F¯D¬¦¬¦½8Ô PÅ ±/Å 238 Þq¯D«/¨ 232 ºª*Õ³§







¥o©oª%«% Ø3°/·1² ¶N¢j¥ª/\¢o·o ¨°;¯D¬#£;¯N©oµ9±P¢o¶N°%«/¨O ¨%¤«3¥×Ö;©¯D¥ ¶N«Ô PÅ ±/ÅÒ·¥F¯D¥ ·¥ ©¯D¬ﬂ·o°%£%¥¢F¯N©¤¥ ¶N«#§;¨%¤¬Ù¯½4¨-©¶DÉ
¦«/©¤ ¨%¤«/©Õ¯D¢oÁ%¢ ¶N¢¦¥)½5² ¶N¢X¥ª/Â³À9ÁR¤¢¦¾+¤«	¥Å?ºª/¾5¯D¦«.·°%£©¤¥X¶D²¥ª% ·¥ª/· ·X ·Ò¥ª/¨%¤»4¤¬ ¶NÁ%¾+¤«	¥
¯D«/¨.¥o·¥{¶D²SÁ%°%¢×Ö;©¯D¥ ¶N«-·o½9·¥o¤¾¯D«/¨O¨/¯D¥F¯+¯D«;¯D¬¦½9·o ·j¥o©oª%«% Ø3°/·j²â¶N¢j¥ª/m¿¶N¢o³À9¦«/¶5³À9ÁR¤¢¦¾+¤«	¥Å
Æå«+Á;¯D¢¥ ©¤°%¬Ù¯D¢§ 39 ¡1¢X¯D«/¨ 85 ËÂ¢L±	¯N·o¶N°/·Ò©¶N«	¥F¯D¾W¦«;¯D«3¥o·j©¯D«5£R{³ÊR©¤¥¦»4¤¬¦½¢o¤¾+¶»4¨5£3½+·¥¢¦Á%Á%¦«%±
¾5¯D¥o¤¢Ù¯D¬ ·S¹j¦¥ª«%¦¥¢o¶N±4¤«#ÅSÆ)«¶N¢o¨%¤¢¥o¶¢o¯N©FªW¯1ª%¦±Pª%¬¦½~³Ú5©¤ ¤«3¥uÁ%°%¢×Ö;©¯D¥ ¶N«#§P«%¦¥¢o¶N±4¤«W¦¥o·o¤¬×²/¾~°/·o¥£R
¯D¢±4¶N«5¯D«/¨eµ3¢½9Á%¥o¶N«e²¢oPÅ :¨%¤¾+¶N«/·¥¢F¯D¥o¨ÔÈÑÒª;¯DÁ%¥o¤¢4Õﬂ¥ª;¯D¥u©¯D¢£R¶N«ÉÈ£;¯N·o¨+¯N¨%·o¶N¢£R¤¢o·u³ÊR©¤¥¦»4¤¬¦½
¢o¤¾+¶»4 85 ËÂ¢1£%°%¥Â¯D¢om¦«/³Ê2©¤¥¦»4U¶N« 39 ¡1¢Åj¡¥Q¥ª/~·F¯D¾+~¥¦¾+P§;¹Xm¾+¯N·°%¢o¨·o¤»4¤¢F¯D¬©¶N¾W¾+¤¢o©¤Ù¯D¬
«%¦¥¢o¶N±4¤«·F¯D¾WÁ%¬ ·~¹j¦¥ªæ¾5¯N·o·e·ÁR©¤¥¢o¶N¾+¤¥o¤¢¯D«/¨ﬀÁ%¢o¶NÁ¶N¢¥ ¶N«;¯D¬j©¶N°%«	¥o¤¢o·§S ¨%¤«	¥×² ½3¦«%±¥ª/+Á%¢o¶NÁR¤¢
























£R³À¥o¤«/¨%¨.°%Á.¥o¶.ûPÅÍÈü§/¯U¢o¤±P ¶N«O¨%¶N¾W¦«;¯D¥o¨.£	½=¥ª/ "!$#%'&'(MÁ%¢o¶3¨°/©¨O©¶P·¾+¶N±4¤«% © 11 ÑÅ :
¯D«;¯D¬¦½9­¨-¯D¬¦¬#¥ª/~Á¶P·o·o¦£%¬ Â¾+©oª;¯D«% ·¾+·¹jª% ©oª-£%¢¦«%±5¥o¶W¥ª/ 11 Ñ6Á%¢o¶3¨°/©¤¥ ¶N«Ì¯D«/¨.¹Xm¦«	»4·o¥¦±	¯D¥o¨













































































Å  ¤¥o©¤¥ ¶N«-¾+©oª;¯D«% ·¾t¯D«/¨.Á%ª	½· ©·jÁR¶N¥o¤«	¥Ù¯D¬ ÅmÅ\ÅmÅ\Å~Å\ÅmÅmÅ\ÅmÅ\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅY	ý
Å /Å¦û ºª/m·o¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶+Á%ª3½9·o ©·²¢o¶N¾ ¿¶N¢o³À¦«/¶ Å\Å~Å\ÅmÅmÅ\ÅmÅ\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅ.




































Å 14 Ñø©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«B¶D²¥ª/\·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢ Å\ÅmÅ\ÅmÅmÅ\ÅmÅ\Å~Å\ÅmÅmÅ\ÅmÅ\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅ÷þ








Å þÅ ¼1·°%¬¦¥o·X² ¢o¶N¾ ¥ª/\¢F¯N¨Ù¯D¬2Ö/¥èÅ\Å~Å\ÅmÅ\ÅmÅmÅ\ÅmÅ\Å~Å\ÅmÅmÅ\ÅmÅ\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅû
Å ý ¸u«/¤¢±P½O¯D«;¯D¬¦½9·o ·Å\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅmÅ\Å~Å\ÅmÅ\ÅmÅmÅ\ÅmÅ\Å~Å\ÅmÅmÅ\ÅmÅ\ÅmÅ~Å\ÅmÅ\ÅmÅ\ÅmÅû
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4p→ α + 2e+ + 2νe. ÔûPÅ¦ûÕ
¹j¦¥ª¯M¾5¯N·F·m³À©·F·m¶D²ﬃ^/Åd



























¼1¯N©¤¥ ¶N« ¿X¢F¯D«/©Fª%¦«%±5¢F¯D¥ ¶OÔÈßWÕ  ¸
ν 〈qν〉
 ÍÈü	  Í-)üF  Í-)üF
p + p→ 2H + e+ + νe ÔÙé	é#Õ ýPýÅd

 ûPÅ B ≤ Å B Å
p + e− + p→ 2H + νe ÔÙé%ê)éﬂÕ Å ûPÅ B ûPÅ B ûPÅ B
2H + p→ 3He + γ û Å 	ý^
3He + 3He→ α + 2p þ^/Å ý ûÅ þ
3He + p→ 4He + e+ + νe Ôuêåé#Õ û −5 ûýÅd
Ný ≤ ûþÅ þ ýÅ

3He + 4He→ 7Be + γ ûÅPþ ûPÅPþ
7Be + e− → 7Li + νe Ô 7  êÕ ûÅ
 Å þÔâý4ßWÕ Å þ Å þ
ÅPþÔû4ßWÕ ÅPþ ÅPþ




7Be + p→ 8B + γ Åû Å¦û

8B → 8Be∗ + e+ + νe Ô 8  Õ Åû ûi
9Å ýPþ ≤ û Åd
9û






 Í-)üF  ÍÈü	  ÍÈü	
12C + p→ 13N + γ ûPÅ ý^B
13N → 13C + e+ + νe (13N) Åû ≤ 1.199 Åd
`

13C + p→ 14N + γ 
9Åû
14N + p→ 15O + γ 
9ÅPý

15O → 15N + e+ + νe (15O) Åd
`^ ≤ 1.732 Å ýPý
15N + p→ 12C + α /Å ý
¶N¢
15N + p→ 16O + γ ûÅ¦ûPþ
16O + p→ 17F + γ Å
17F → 17O + e+ + νe (17F ) Åd
` ≤ 1.740 Å ýPýPý^
17O + p→ 14N + α























é4é Å ýPþOÔû ± ÅûÕ
é%ê)é ûPÅ BOÔû ± Å4ÕÒÀÌû −2
ê)é 
9Å ýOÔû ± Å¦û4ÕÒÀÌû −7
7 ¿ /Å þOÔû ± Å¦û4ÕÒÀÌû −1
8 ¿ Åd

Ôû ± Å4ÕÒÀÌû −4












º¯D£%¬ ÌûPÅ?Ã9¶N¬Ù¯D¢W«/¤°%¥¢¦«/¶ú/°À%·+¯N·o·°%¾W¦«%±:¿Ðl^ þjÁ%¬¦°/·W¥ª/=¢o©¤«	¥5¢o·°%¬¦¥W¶N«æ¥ª/ 14 Ä>QÁ
² °/· ¶N«5¢o¯N©¤¥ ¶N«5²¢o¶N¾ ù#ÞQÄ¡. ý)ÅSºª/1©¶N¢¢o·ÁR¶N«/¨%¤«	¥j©¯DÁ%¥°%¢oQ¢F¯D¥o·?¦«=©oª%¬ ¶N¢¦«/\¯D«/¨+±	¯D¬¦¬¦¦°%¾g·o¶N¬Ù¯D¢












































37Cl→ e− + 37Ar ÔûPÅ4Õ















RHomestake = 2.56 ± 0.16 (stat.) ± 0.16 (syst.)SNU ÔûPÅ4Õ
ºª/\¾+¯N·o°%¢o¨.¢F¯D¥o5Ô² ¢o¶N¾¿Ðl^ù#ÞÄQ¡ þ§;ýÕÒ ·{¶N«%¬¦½.¶N«/³ÉÈ¥ª%¦¢o¨¶D²S¥ª/\Á%¢o¨ ©¤¥o¨O»N¯D¬¦°/?






71Ga→ e− + 71Ge ÔûPÅ4Õ
ºª/-¬ ¶¹ä¤«/¤¢±P½¥ª%¢o·ª/¶N¬ ¨ø¯D¥ÅﬀÍÈü¾5¯Dµ4·=¥ª/-±	¯D¬¦¬¦¦°%¾ô³À9ÁR¤¢¦¾+¤«	¥o·=¥ª/¶N«%¬¦½^¶N«/·

















































Æå«æ¯D¬¦¾+¶P·¥+¯O¨%©¯N¨%=¶D²1¨/¯D¥F¯O¥F¯Dµ9¦«%±/§uËm¯D¾W ¶NµN¯D«/¨%M¶N£/·o¤¢»4¨G¯·F¶N¬Ù¯D¢U«/¤°%¥¢¦«/¶-ú/°À:² ¢o¶N¾ 8 ¿
Ø3°;¯D¬#¥o¶¦û^r?
ΦKamiokande = 2.80 ± 0.16 (stat.) ± 0.16 (syst.) × 106cm−2s−1. ÔûPÅ¦ûPûÕ
ÍB¯D¦«%¬¦½Ì¨°/+¥o¶.¦¥o·~ª%¦±Pª/¤¢~¾5¯N·o·§SÃ3°%Á¤¢oËm¯D¾W ¶NµP¯D«/¨%(±P¢o¯D¥¬¦½Ì¦«/©¤¢o¯N·o¨:¥ª/WÁ%¢o©¤ ·o ¶N«¶D²j¥ª% ·
¾+¯N·°%¢o¤¾+¤«3¥?

























νe + d→ p + p + e− (Charged Current : CC)
νx + e
− → νx + e− (Elastic Scattering : ES) ÔûPÅ¦û4Õ































ΦSNOCC = 1.59 ± +0.08−0.07 (stat.) ± +0.06−0.08 (syst.) × 106cm−2s−1
ΦSNOES = 2.21 ± +0.31−0.26 (stat.) ± 0.10 (syst.) × 106cm−2s−1
ÔûPÅ¦û4Õ























«/¤°%¥¢¦«/¶P·{¨%¤¥o©¤¥o¨M¹X¤¢oÂ¥ª/¤¢o³² ¶N¢oÂÁ%¢o¶9¨°/©¨=²¢o¶N¾g¥ª/ 8 ¿6·o¶N°%¢o©PÅ?Ä¶N¢¾5¯D¬¦¦­¦«%±5¯D«/¨.·°%£%¥¢F¯N©¤¥¦«%±
¥ª/Ëm¯D¾W ¶NµN¯D«/¨%{¢F¯D¥oL² ¢o¶N¾¥ª/{ÑÒª%¬ ¶N¢¦«/{¶N«/P§N¥ª/¤¢o ·S«/¶Â·Á;¯N©Ò² ¶N¢é%ê)éR§3ÑXÄÂá6¯D«/¨ 7 ¿X«/¤°%¥¢¦«/¶P·§




ºª/e¦«/©¶N«/· ·¥o¤«/©¤½-¬¦ ·Q¦«B¥ª/~²â¯N©¤¥Â¥ª;¯D¥§¦«B¥ª/+Ã3°%«#§ 7 ¿U ·¥ª/e¶N«%¬¦½-©¶N«/©¤¦»N¯D£%¬ W·o¶N°%¢o©e¶D² 8 ¿Â§
¹jª% ©oª^ ·+©¤¬ ¯D¢¬¦½G¶N£/·o¤¢»4¨G¦«G¥ª/M¹X¯D¥o¤¢.ÑX¤¢o¤«%µ4¶»G¨%¤¥o©¤¥o¶N¢o·Åºª% ·+Á%¢o¶N£%¬ ¤¾§Ò°/·o°;¯D¬¦¬¦½¢o³²â¤¢¢o¨






























































































|νe〉 = cosθ |ν1〉+ sinθ |ν2〉





|νe(−→x , t)〉 = cosθ |ν1〉 e−i (E1t−










p ' E ÅÂ³Ö/«%¦«%± ∆m2 = m21−m22
§P¥ª/«/¤°%¥¢¦«/¶\¥¢F¯D«/·¦¥ ¶N«+Á%¢o¶N£;¯D£%¦¬¦¦¥ ·
¥o¶W¶N£/·o¤¢»4~¯D«-¤¬ ©¤¥¢o¶N«% ©~¶N¢1¯¾U°/¶N««/¤°%¥¢¦«/¶(¯D¥j¥¦¾+¨&j¯D¢o?















P (νe → νx;E, t) = sin22θ sin2 pi R
Lν














¥o·¥o¨£	½O»N¯D¢½9¦«%±M¥ª/U¤«/¤¢±P½B¯D«/¨-¥ª/e¨ ·¥F¯D«/©¶D²L¥ª/e«/¤°%¥¢¦«/¶.·o¶N°%¢o©PÅÂÆ)²Ù  ³ ν Ú ¥ª/eÁ%ª;¯N·o
»P¯D¢ ·u¥o¶3¶\·o¬ ¶¹j¬¦½+¯D«/¨W¥ª/j¥¢F¯D«/·¦¥ ¶N«5Á%¢o¶N£;¯D£%¦¬¦¦¥)½W ·u«/¶N¥Ò¯DÁ%Á%¢o©¤Ù¯D£%¬ PÅ1 6ª/¤«+¥ª/² ¢oØ3°/¤«/©¤½U ·u»4¤¢½





























































































































|νH〉 = cosθm |νe〉+ sinθm |νx〉
















































νe ←→ νx ¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
¦«.¾5¯D¥¥o¤¢





























































νe → νH(r) Åºª% ·
¾+©oª;¯D«% ·o¾ã¦¾WÁ%¬¦ ·m¯5©¶N¾WÁ%¬ ¤¥o©¶N«	»4¤¢o· ¶N«
νe → νµ Á%¢o¶9¨°/©¤¦«%±¯ú/°ÀO¥ª;¯D¥Â©¯D«%«/¶N¥Â£e¨%¤¥o©¤¥o¨
»9Ù¯©oª;¯D¢±4¨O©¤°%¢¢o¤«3¥Å

























































































































pi± → µ± + νµ(ν¯µ) ÔûPÅPý4Õ
²â¶N¬¦¬ ¶¹Ò¨O£	½@?
µ+ → e+ + ν¯µ + νe











ú/°À-¢F¯D¥ ¶(² ¢o¶N¾ã¢o¯N©¤¥o¶N¢m³ÀÁR¤¢¦¾+¤«	¥o·+Ô¬ ³² ¥ Õ³Åmºª/·ª;¯N¨%¨
¢o¤±P ¶N«Ì©¶N¢¢o·ÁR¶N«/¨%·Â¥o¶(¥ª/ù#Í¡ÝÁ%¢o¨ ©¤¥ ¶N«ﬀ¯D¥mý4ßtÑÅ ù?Å*² ¢o¶N¾ã¥ª/e±P¬ ¶N£;¯D¬?¯D«;¯D¬¦½· ·Â¶D²Ò¥ª/·o¶N¬Ù¯D¢
«/¤°%¥¢¦«/¶¨/¯D¥F¯Åeºª/W¨%¶N¥¥o¨B¬¦¦«/ ·\¨%¤¢¦»4¨ﬀ¯N·o·°%¾W¦«%±






















































νµ ↔ ντ Ô νµ ¨ ·F¯DÁ%ÁR¯D¢F¯D«/©Õ{¯D«/¨ νµ ↔ νe Ô νe ¯DÁ%Á¯D¢F¯D«/©Õ³Å
Æå«U¥ª/Ò²â¶N¬¦¬ ¶¹j¦«%±\½4¯D¢o·§N¥ª/¯D¥¾+¶P·Á%ª/¤¢ ©«/¤°%¥¢¦«/¶m¯D«/¶N¾5¯D¬¦½U¢o©¤¦»4¨U¦¾WÁR¶N¢¥F¯D«	¥?©¶N«Ö/¢¾5¯D¥ ¶N«/·




νµ ↔ νe ¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«ª3½3ÁR¶N¥ª/· · ··¥¢o¶N«%±P¬¦½¨ ·²È¯»4¶N¢o¨B·¦«/©U¥ª/ νe ©¶N«	¥F¯D¦«/¨B¤»4¤«3¥o·+ÔÈÅ1PÅ
¤»4¤«	¥o·+¹jª/¶P·o=»4¤¢¥o³À ·e¦«¥ª/=¨%¤¥o©¤¥o¶N¢Ö;¨°/©¤Ù¯D¬j»4¶N¬¦°%¾+Õ¯D¢o=¹X¤¬¦¬¨%·F©¤¢¦£¨æ£	½¥ª/Ã3¥F¯D«/¨/¯D¢o¨
Í¶3¨%¤¬uÁ%¢o¨ ©¤¥ ¶N«#Å5áQ«Ì¥ª/W¶N¥ª/¤¢\ª;¯D«/¨2§
νµ ↔ ντ ¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«Ìª	½9Á¶N¥ª/·o ·\ ·\©¶N«/· ·¥o¤«3¥m¹j¦¥ªÌ¥ª/
νµ
·o°%Á%Á%¢o·o· ¶N«.¦«¥ª/ÂÁ;¯D¢F¯D¾+¤¥o¤¢·Á;¯N©¨ Br?

















































































































•  êe&)ê²©&¤±mµmê%#©±`t (O&'±`!;ÅÍ¯À¦¾W¦­¦«%±=¥ª/~¬¦¦±Pª3¥Â©¶N¬¦¬ ©¤¥ ¶N«Ì³Ú5©¤ ¤«/©¤½-¬ ¯N¨%·1¥o¶(¦¾WÁ%¢o¶»4e¥ª/e¤«É




































2200 8" Thorn EMI PMTs





































































































































































·o¤¥¥o¶¨eµ4Èü8¦«.¶N¢o¨%¤¢j¥o¶W©¶N«	¥F¯D¦«¥ª/ 12 Ñ6©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«#ÅÒº¶¬¦¦¾W¦¥j¥ª/ 14 Ñ"¯N©¤¥¦»9¦¥)½=¥o¶¥ª;¯D«:û
©iD¨.¦«.¥ª/mÄ	 §¥ª/ 14 Ñﬃ 12 Ñ6¢F¯D¥ ¶W¾~°/·o¥{£Â¬ ·F·j¥ª;¯D«:û −18 Å







©¶N«/·o©¤°%¥¦»4j¨%©¯½9·S¹j¦¥ª%¦«W¥ª/¤¦¢u¢F¯N¨ ¶4¯N©¤¥¦»4j©Fª;¯D¦«/·ÅuÆ)«e¥ª/ 238 Þ^©Fª;¯D¦«#§P¥ª/ 214 ¿Ò×É 214 Ð¶Â·oØ3°/¤«/©
ª;¯N·\¯+¾+¯D«¬¦×²â¤¥¦¾+e¶D²
µ
·Q¹jª%¦¬ U¥ª/ 232 ºªB©oª;¯D¦«Ì©¯D«B£U¯N·¦¬¦½¥F¯D±P±4¨£	½O¥ª/ 212 ¿X×É 212 Ð¶
·oØ3°/¤«/©.Ô"B5«/·Â¾+¯D«B¬¦×²â¤¥¦¾+Õ³Åm¡·o·°%¾W¦«%±.·o©¤°%¬Ù¯D¢\Ø	°%¦¬¦¦£%¢¦°%¾§#¦¥ ·ÁR¶P·o·¦£%¬ U¥o¶M³À9¥¢F¯DÁR¶N¬Ù¯D¥o
¥ª/~¯N©¤¥¦»9¦¥)½.¶D² 238 Þ8¯D«/¨ 232 ºªO©oª;¯D¦«-¦«¥ª/m·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢{² ¢o¶N¾ ¥ª/\¾+¯N·°%¢o¤¾+¤«3¥¶D²S¥ª/\¥)¹X¶W²È¯N·¥
·oØ3°/¤«/©·ÅÆ)«Ì©¯N·oW¶D²¢F¯N¨%¶N«:¶N¢\¥ª/¶N¢o¶N«:¦«Ö/¬¦¥¢F¯D¥ ¶N«#§¥ª/ 238 Þ ¯D«/¨ 232 ºª:©Fª;¯D¦«/·~©¯D«Ì£R¨ ·¥¦«É
±P°% ·ª/¨-² ¢o¶N¾ã¥ª/ 222 ¼1«B¯D«/¨ 220 ¼{«Gjå·o¤±P¾+¤«3¥o·qF§2¢o·ÁR©¤¥¦»4¤¬¦½4§R£	½©¶N¾WÁ;¯D¢¦«%±.¥ª/e¨%©¯½O¬¦×²â¤¥¦¾+
¶D²u¨%¤¥o©¤¥o¨O·ª/¶N¢¥{·oØ3°/¤«/©·Å
¡Q¬ ·o¶ 85 ËÂ¢S©¯D«£RL¥F¯D±P±4¨£3½~¥ª/X¨%¤¬Ù¯½4¨+©¶N¦«/©¤ ¨%¤«/©j³ÀÁ%¬ ¶N¦¥¦«%±\¥ª/·o©¶N«/¨/¯D¢½U¨%©¯½U©Fª;¯D«%«/¤¬






































ÆÇ·o¶N¥o¶NÁR Ã9¶N°%¢o© º?½9Á% ©¯D¬©¶N«/©PÅ ºﬂ¶N¬ ¤¢F¯D£%¬ ~¬ ¤»4¤¬ Ã3¥¢F¯D¥o¤±P½





Ô²¢o¶N¾ 14 Ä\Õ ¨%¤¢¦»N¯D¥o(Ô ¶N¬ ¨©¯D¢£¶N«*Õ
7 ¿ ©¶P·¾+¶N±4¤«% © eÀÌû −2 ¿XØ¥o¶N« mû −6 ¿Ø¥o¶N« ¨ ·¥¦¬¦¬Ù¯D¥ ¶N«O¶N¢
Ô²¢o¶N¾ 12 ÑjÕ °%«/¨%¤¢±P¢o¶N°%«/¨
·¥o¶N¢F¯D±4m¶D²u·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢
222 ¼1« ¯D¦¢1¯D«/¨¤¾5¯D«;¯D¥ ¶N« û 222 ¼1«O¯D¥o¶N¾+· û 222 ¼{«¯D¥o¶N¾+· «%¦¥¢o¶N±4¤«-·¥¢¦Á%Á%¦«%±
²¢o¶N¾ë¾5¯D¥o¤¢Ù¯D¬ · ÁR¤¢1©¤¾ 3 ¯D¦¢ Á¤¢j¥o¶N«-ÐÒÑ
210 Ð¶ 210 Ðu£ ¾W¦«%¦¾~°%¾ã³À9ÁR¶P·°%¢oP§
210 ¿X ¶N«.¥ª/mÆ)ü8·°%¢²È¯N© ¤»4¤«	¥{ÁR¶P·¦¥ ¶N« ¨%¤«3¥Å
238 Þ ·°/·ÁR¤«/¨%¨.¨°/·¥ eÀÌû −6 ±± àû −6 ±± ¹X¯D¥o¤¢³À9¥¢F¯N©¤¥ ¶N«#§




−6 ±± àû −13 ±± ¹X¯D¥o¤¢³À9¥¢F¯N©¤¥ ¶N«
©¶N«	¥F¯D¾W¦«;¯D¥ ¶N« ¦«O¨°/·¥ ¦«O·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢
39 ¡Q¢ ¯D¦¢ ûPÅ 5¿Ø¾ 3 Å¦û µ
¿Ø¾ 3 «%¦¥¢o¶N±4¤«-·¥¢¦Á%Á%¦«%±
¦«O¡Q¢ ¦«OÐÒÑ












































































































































































= 0.64 ± 0.02. ÔÅd
PÕ
ºª/U³À9ÁR©¤¥o¨O¢F¯D¥o~¦«-¿¶N¢o³À¦«/¶+ ·Q¥ª/¤«O«/¶+¬Ù¯D¢±4¤¢¥ª;¯D«GB5¤»4¤«	¥o·%D¨/¯½4§#¯DÁ%Á%¢o¶À¦¾5¯D¥o¤¬¦½V+¶D²










ÑXÄ\áà¯D«/¨Oé%ê)éﬀ«/¤°%¥¢¦«/¶=¢F¯D¥o·Â£R¤½4¶N«/¨O¥ª/ 7 ¿U¤«/¤¢±P½-¹j¦«/¨%¶¹m§?Ô¦«¥ª/e¢F¯D«%±4£Å þ+É\ûPÅuÍÈümÕ³§
¨%¤ÁR¤«/¨%·?·ÁR©¤Ù¯D¬¦¬¦½e¶N«W¥ª/ 210 ¿XÈ§ 214 ¿X;¯D«/¨¾~°/¶N«5¦«/¨°/©¨ 11 Ñæ©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«#Ål "ª%¦¬ {¯Â·¥¢F¯D¥o¤±P½
²â¶N¢~¢o¨°/©¤¦«%±B¥ª/ 210 ¿ÒÈ§ 214 ¿XX£;¯N©oµ9±P¢o¶N°%«/¨ª;¯N·e£R¤«¹j ¨%¤¬¦½·¥°/¨ ¨ﬀ¦«ÑXºjÓ§ﬂ¥ª/=·¥¢F¯D¥o¤±P½Ì²â¶N¢








νe + p→ n + e+, ÔÅ þ4Õ
¹jª% ©oªÌª;¯N·\¯D«B¤«/¤¢±P½O¥ª%¢o·ª/¶N¬ ¨Ì¯D¥ß ûPÅ þ=ÍÈüÅ*ºª/e¥o¶N¥F¯D¬u¤«/¤¢±P½-¨%¤ÁR¶P·¦¥o¨-£	½O¥ª/eÁR¶P·¦¥¢o¶N«
¦«.¥ª/m·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢1 ·j¢o¤¬Ù¯D¥o¨O¥o¶¥ª/m¤«/¤¢±P½M¶D²¥ª/~¯D«3¥¦«/¤°%¥¢¦«/¶5£3½ª?
E(e+) = E(νe)−Q + 2me. ÔÅ ý4Õ
ºª/=«/¤°%¥¢o¶N«G©¯DÁ%¥°%¢o=¦«/¨°/©·+¯D«æ¤¾W ·o·o ¶N«¶D²Q¯<Å-Í-)ü
γ
¯²¥o¤¢ ∼  µ ·Å-ºª/=¨%¤¬Ù¯½4¨





















































































ºª/Â¢F¯D¢o³ÉÈ±	¯N·j¢F¯N¨ ¶N ·F¶N¥o¶NÁ· 39 ¡Q¢{¯D«/¨ 85 ËÂ¢{¯D¢oÂ¾U°/©oª¬ ·o·j¯D£%°%«/¨/¯D«3¥{¦«M¥ª/m¯D¥¾+¶P·Á%ª/¤¢oÂ¥ª/¤«
222 ¼{«#§j¶N«6¹jª% ©oª6¥ª/¿X¶N¢o³À¦«/¶æ©¶N¬¦¬Ù¯D£¶N¢F¯D¥ ¶N«øª;¯N·=·Á¤«3¥M¯:±P¢o¯D¥.¨%¯D¬Q¶D²~³Ê2¶N¢¥(¥o¶æ©¶N«	¥¢o¶N¬Â¦¥Å
Ä¤»4¤¢¥ª/¤¬ ·o·§ 85 ËÂ¢m¹¯N·\ ¨%¤«	¥×Ö;¨æ¯N·m¯=£;¯N©oµ9±P¢o¶N°%«/¨:·o¶N°%¢o©W¥ª%¢o¶N°%±PªæÑXºjÓ6¾+¯N·°%¢o¤¾+¤«3¥o·ÅW¿¶N¥ª





• 39 ¡Q¢ β É)¨%©¯½9·¥o¶5¥ª/m±P¢o¶N°%«/¨9É)·¥F¯D¥o¶D² 39 ËtÔ«/¶ γ ÉÈ¢F¯½O¤¾W ·o· ¶N«/·§ τ1/2
 Pý+½/Õ¹j¦¥ª¤«/¨9É
ÁR¶N¦«	¥­_6ÅWÍÈü%












39 ¡Q¢ 85 ËÂ¢
¡j©¤¥¦»9¦¥)½M¦«O¯D¦¢ ûPÅ 5¿Ø¾ 3 ¦«O¡Q¢ ûmÍ-¿Ø¾ 3 ¦«OËÂ¢
Ã9¶N¬¦°%£%¦¬¦¦¥å½Ä
2
DÐÒÑ /Å  ûPÅ 
¼QØ	°/·¥o¨¯N©¤¥¦»9¦¥)½M¦«ÐÒÑ Å¦û
µ






¿Ø¾ 3 Å¦ûe µ
¿Ø¾ 3





















¶D²ÂÔâþÅ¦û ± Å4Õ × û −16 ©¶N¾WÁ;¯D¢o¥o¶.·¥F¯D£%¬ W¡Q¢Åºª/W©¶N¢¢o·Á¶N«/¨%¤«3¥U¯N©¤¥¦»9¦¥)½ ·mØ	°;¯D¬u¥o¶¯D£R¶N°%¥WûPÅ 












85 ËÂ¢Ò ·Ò¯D«	¥ª%¢o¶NÁR¶N±4¤«% ©Á%¢o¶3¨°/©¨5² ¢o¶N¾ÝÖ;·o· ¶N«(¶D²#°%¢F¯D«%¦°%¾ ¯D«/¨(Á%¬¦°%¥o¶N«%¦°%¾ ¦«(«	°/©¤¬ ¯D¢X¢o¯N©¤¥o¶N¢o·
¯D«/¨W¢o¤¬ ¯N·o¨+¦«	¥o¶\¥ª/1¯D¥¾+¶P·oÁ%ª/¤¢o1¨°/j¥o¶Â¢o¤Á%¢o¶9©·o·¦«%±~¶D²2·ÁR¤«	¥?«3°/©¤¬ ¯D¢?² °/¤¬/¢o¶9¨%·ÅÆå¥o·?©¶N«/©¤«3¥¢F¯É
¥ ¶N«5¦«5¥ª/Q¯D¥¾+¶P·Á%ª/¤¢o1¢o¤¬Ù¯D¥¦»41¥o¶m·o¥F¯D£%¬ 1ËÂ¢? ·X¯D£¶N°%¥ ∼ ÀRû −11 ¯D«/¨+¦¥o·L©¶N¢¢o·oÁ¶N«/¨%¤«3¥¯N©¤¥¦»9¦¥)½
*,+.-0/21436587:9;36<=765?>A@=@CBD>E@=@=3FG7H@=@CIKJL9M-NIO5QP=58RC-C5LP09MSUTEF?/V<=BK583,761VJ?>WBKF?/V5XJ8<C/29M7HFM7HB09GS,SY7:9M361VF?SXZY+.-036[=1VS36[C5XS,1VSX>+]\&1V/2/
9G/4\U9L^AS&7658_`5a7b36Fc36[C5XBd9MS&TEF?/V<CBK5a3,7612JQ7:9M361VF=>=36[A<=SXe


















ºª/¤¢o¯D¢o{¶N«%¬¦½U»4¤¢½¬¦¦¾W¦¥o¨5Á¶P·o·o¦£%¦¬¦¦¥ ·u¥o¶\¾+¯N·°%¢o{·o°/©oª+¬ ¶¹ 39 ¡Q¢L¯D«/¨ 85 ËÂ¢?©¶N«/©¤«	¥¢F¯D¥ ¶N«/·
¦«.«%¦¥¢o¶N±4¤«#ÅLºª/~¯N· ·¥jÁR¶P·o·¦£%¦¬¦¦¥)½M ·{¶DÊ2¤¢o¨.£3½=·ÁR©¤Ù¯D¬¦¬¦½=¥°%«/¨.¾5¯N·o·{·ÁR©¤¥¢o¶N¾+¤¥¢½4Å




−13 ©¤¾ 3 ¯D«/¨æ¯D¢±4¶N«G¨%¶¹j«æ¥o¶<À2û −10 ©¤¾ 3
 þ^)Å+ºL½3Á% ©¯D¬¦¬¦½B¥ª/W«%¦¥¢o¶N±4¤«æ·F¯D¾WÁ%¬ ·m¹X¤¢o(¯D£R¶N°%¥5ûW©¤¾ 3 §#¢o·o°%¬¦¥¦«%±¯M¨%¤¥o©¤¥F¯D£%¬ +µ9¢½9Á%¥o¶N«ﬀ©¶N«É








































































































































































































































































































φpore(z) = φ(z +
b
2






















σ ˙[A]  [10−22J ]
Ñ¯D¢£R¶N« Å B Å ý








































ÁR¶N¢o+¹j ¨¥ª/·MÔ¦«¯D«%±4·¥¢o¶N¾(ÕU¯D«/¨Ì²â¶N¢m¥ª/5©¯N·o+£ → ∞ Ô ·¦«%±P¬ +¹¯D¬¦¬Õ³Å.ºª/+Á;¯D¢F¯D¾+¤¥o¤¢o·U°/·o¨Ì²â¶N¢
¥ª/ÌÃ3¥o¤¬ O¾+¶9¨%¤¬¯D¢o?







































































































































 N = 5

































































































































³ÀÁ©¤¥o¨2§%¯~»4¤¢½+¬¦¦¥¥¬ eÔ×²S¯D«	½/ÕÒ¯D£%¦¬¦¦¥å½+¥o¶U¢o¤¾+¶»4Âµ9¢½3Á%¥o¶N«(²¢o¶N¾ «%¦¥¢o¶N±4¤«:Ô Ó¦±P°%¢o­Å þ4Õ³ÅuÓ;¶N¢X£R¶N¥ª
­¶N¬¦¦¥o·§ﬂ¥ª/¾+¯N·°%¢o¨9;Q¤«%¢½@ ·m©¶N«/·¥F¯D«3¥m ·\¶N«%¬¦½

















































































































































































































 ¾ 3 µ3±` ÄQ°%¾~£R¤¢1¶D²S·o¥F¯D±4·
Þ¯ßàbÞá 
` Å  ûi
 û
â
ßãiàQä ^ ûPÅ û þ
ÞKå æèçMäbéYê û Å ý û û
âNëìií=îYïCð
hŁñOh{òbó=óAó ûPû þÅ  
ôh
îõ=ëöD÷|ø¯ù




` Å  û









 ¾ 3 µ3±` ÄQ°%¾~£R¤¢1¶D²S·o¥F¯D±4·
Þ¯ßàbÞá û û ûþ 
â
ßãiàQä ûi
 ûý ûPþ û
ÞKå æèçMäbéYê ^ û û 

âNëìií=îYïCð










Þ¯ßiàbÞá ¦  ¦yý
â
ßãàä ¦ û ¦Ýûi
`Pþ

































































W¯D«/¨G;66Å^+¾+¶N¬¹µ9±DÐS¯4Õ³ÅÒÆå¥{©¯D«Á%°%¢×² ½(¾+¶N¢o~¥ª;¯D«V¾ 3 ¶D²S«%¦¥¢o¶N±4¤«O£	½
¯+²â¯N©¤¥o¶N¢>Å1Æå«¿¶N¢o³À¦«/¶5¹X~¢oØ3°%¦¢o¨Ì¯D«B¯N¨%·F¶N¢£¤¢Â¯D£%¬ U¥o¶5Á%°%¢×²½¯5©¶N«3¥¦«	°/¶N°/·ú;¶¹¢F¯D¥oe¶D²






























Ä1¦¥¢o¶N±4¤«-·°%Á%Á%¬¦ ¤¢ ¡Q¢~ÔÁ%Á%¾(Õ ËÂ¢~ÔÁ%Á%¥ Õ
Í-¸XÃ%Ã9¸?¼y¢o¤±P°%¬Ù¯D¢1Á%°%¢¦¥)½M«%¦¥¢o¶N±4¤«æÔ"/Å4Õ  ±  ûPþ ± ^B
¡1¦¢{ù# Ø	°% ¨%\¢o¤±P°%¬Ù¯D¢QÁ%°%¢¦¥)½M«%¦¥¢o¶N±4¤«Ô"/Å4Õ ûPûPÅ ± ûPÅ B ± 
¡1¦¢{ù# Ø	°% ¨%\ª%¦±PªOÁ%°%¢¦¥)½M«%¦¥¢o¶N±4¤«æÔ"/Å4Õ ûÅ  ± ûPÅ  ± 
ù2¦«/¨%m¡F§H :¶N¢¾+·~Ô¤
9Å4Õ ÔÅ¦û ± Å 3Õ · û −2 Å ý ± Å 
Ã%áùﬀÍB¯D«	¥o¶»N¯-ÔÅ4Õ Å ± Å þÅ þ ± ûPÅ
Ã%áùﬀÍB¯D«	¥o¶»N¯-ÔÅ¶N¢{£¤¥¥o¤¢ Õ ÔÅ ± Å4Õ · û −3 Ô"/Å ± ûPÅ4Õ · û −2
 :·¥²È¯D¬ ¤«O¡F§;¶3¤¢o·¥o¤¬LÔÅ4Õ ÔÅ ± Åd
PÕ · û −3 Å ± Å þ
 :·¥²È¯D¬ ¤«O¡F§;¶3¤¢o·¥o¤¬LÔÅ+¶N¢j£¤¥¥o¤¢ Õ ÔÅ ± Å þ4Õ · û −4 ÔÅ ± Å4Õ · û −2






9Å4Õ ¡1¢~ÔÁ%Á%¾(Õ ËÂ¢UÔÁ%Á%¥ Õ
\¯N·{Ðuª;¯N·o Ô¤
9Å ± Åd
PÕ · û −3 Ô ± ûÕ · û −2
ù2 Ø	°% ¨OÐuª;¯N·o ÔûÅ ± ûPÅ4Õ · û −3 Ôû ± 4Õ · û −2
∼ ûPÅ W¾ 3 ¶D²SùﬂÄ 2 ¬ ³² ¥j¦«¥ª/Â¥F¯D«%µ ÔûÅ ± ûPÅd
PÕ · û −3 Ô ± ûÕ · û −2
∼ Åe¾ 3 ¶D²SùﬂÄ 2 ¬ ³² ¥j¦«¥ª/Â¥F¯D«%µ Ôûi
9Å ± Å 3Õ · û −3 Ô ± ûÕ · û −2































 µ ¿Ø¾ 3 Õ~£3½¯O²È¯N©¤¥o¶N¢ ∼ 
9§Ò¯DÁ;¯D¢¥W¹jª/¤«¶N«%¬¦½æ±	¯N· ·
Á%¢o·o¤«3¥¦«B¥ª/U¥F¯D«%µæÔ ±  µ ¿Ø¾ 3 Õ³Åºª/e¢o·°%¬¦¥o·Q²â¶N¢¡Q¢\¯D«/¨ËÂ¢Q²â¶N¢Q¥ª/e¬Ù¯N·¥¾+¯N·°%¢o¤¾+¤«	¥o·








































• ¾+¯N·°%¢o¤¾+¤«3¥.¶D²m¥ª/ 238 Þä¯D«/¨ 232 ºª"©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«ø¦«"¥ª/¬¦ Ø3°% ¨"·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢(¹j¦¥ª¯D«
°%Á%ÁR¤¢{¬¦¦¾W¦¥1¶D²À2û
−16 ±±]
• ¾+¯N·°%¢o¤¾+¤«3¥Q¶D²¥ª/\Ë nat ©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«¦«=¥ª/Â¬¦ Ø3°% ¨.·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢{¹j¦¥ªO¯D«.°%Á%Á¤¢j¬¦¦¾W¦¥{¶D²
û
−13 ±±]
• ¾+¯N·°%¢o¤¾+¤«3¥m¶D²?¥ª/ 14 Ñè©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«Ì¦«-¥ª/U¬¦ Ø	°% ¨·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢¹j¦¥ªÌ¯D«°%Á%Á¤¢¬¦¦¾W¦¥¶D²
û





































































































ºª% ·~² ¯D¥°%¢o=¯D¬¦¬ ¶¹{·U¥ª/+ ¨%¤«	¥×Ö;©¯D¥ ¶N«G¶D²j¥ª/5¨%¤¬Ù¯½4¨©¶N¦«/©¤ ¨%¤«/©··°/©Fªæ¯N· 214 ¿Ò×É 214 Ð¶-¦«:¥ª/







• ºª/\¬¦¦±Pª3¥1½9 ¤¬ ¨M¦«ÑXºjÓÉFû\ ·{Ø3°;¯D¬#¥o¶ ∼ Á%ª/¶N¥o¶9¤¬ ©¤¥¢o¶N«/·QÁ¤¢{ÍÈü§%¹jª% ©oª-©¶N¢¢o·Á¶N«/¨%·
¥o¶:¯D«G¤«/¤¢±P½æ¢o·o¶N¬¦°%¥ ¶N«¶D²Âý4ß ¯D¥
`û=µ4)ü Ô 214 Ð¶	ÕW¯D«/¨2§Ò¯D¥¥ª/.·F¯D¾+M¤«/¤¢±P½4§¯·Á;¯D¥Ù¯D¬
¢o·F¶N¬¦°%¥ ¶N«-¶D²jû©¤¾Å
• ºª/ α  β ¨ ·o©¤¢¦¾W¦«;¯D¥ ¶N«¢oZ©¤¥o· α ¤»4¤«	¥o·¹j¦¥ªe¯D«U³Ú5©¤ ¤«/©¤½m¶D² ∼ ý
Pßy¯D«/¨m¹j¦¥ª ∼ Å4ß¶D² β









ú/°/¶N¢mÔ¦«/¤¬Ù¯N·¥ ©Â·o©¯D¥¥o¤¢¦«%±3ÕÒÁ%¬Ù¯½9·j¯e©¤¢°/©¤Ù¯D¬R¢o¶N¬ £©¯D°/·oQ¦¥¦«	»4¶N¬¦»4· ∼ 3ß ¶D²ﬂ¥ª/Â¨%¤¥o©¤¥o¨
¬¦¦±Pª3¥ÅÒºª/U·o©¤¦«	¥¦¬¦¬Ù¯D¥ ¶N«¨%©¯½.¥¦¾+P§*©¶N«/·oØ	°/¤«3¥¬¦½4§/¦«/©¤¢o¯N·o·{²¢o¶N¾¥ª/Å«/·{¾+¯N·o°%¢o¨¦«
¬Ù¯D£R¶N¢F¯D¥o¶N¢½M¹j¦¥ª-¯·¾5¯D¬¦¬×É)·o©¯D¬ U·F¯D¾WÁ%¬ Â¥o¶Åe«/·1¾+¯N·°%¢o¨.¦«-ÑXºjÓÅ
• ºª/{·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Ò·oª/¶¹Ò¨=¯D«+¦«	¥¢¦«/·o ©1¯N©¤¥¦»3¦¥å½e² ¶N¢ 238 Þ"¯D«/¨ 232 ºª(¯D¥L¯\¬ ¤»4¤¬;©¶N«/· ·¥o¤«3¥?¹j¦¥ª
¶N¢1£¤¬ ¶¹ÀRû
−16 ±±5¦«ÐÒÑ¯D«/¨O¯ 14 Ñﬃ 12 Ñ"¢F¯D¥ ¶+¶D²?¯D£R¶N°%¥~û −18 Å
• ºª/~Á%°%¢×Ö;©¯D¥ ¶N«-¥o©Fª%«% Ø	°/·Â¯N¨%¶NÁ%¥o¨¹X¤¢om¹X¯D¥o¤¢³À9¥¢F¯N©¤¥ ¶N«#§;«%¦¥¢o¶N±4¤«·o¥¢¦Á%Á%¦«%±(¯D«/¨»P¯N©³É
°%°%¾ò¨ ·¥¦¬¦¬Ù¯D¥ ¶N«#ÅÌ¡1² ¥o¤¢U¥ª/=Á%°%¢×Ö;©¯D¥ ¶N«/·§u¦«3¥o¤¢«;¯D¬j£;¯N©oµ9±P¢o¶N°%«/¨G¨%©¤¢o¯N·o¨²¢o¶N¾ ∼ 
¤»4¤«3¥o·\ÁR¤¢Â¨/¯½-¨%¶¹j«Ì¥o¶(¬ ·F·Q¥ª;¯D«b(ÁR¤¢\¨/¯½4ÅmÆå«BÁ;¯D¢¥ ©¤°%¬Ù¯D¢§2¥ª/«%¦¥¢o¶N±4¤«:·¥¢¦Á%Á%¦«%±MÁ%°É
¢×Ö;©¯D¥ ¶N«.¢o¨°/©¨=¥ª/ 85 ËÂ¢j¯N©¤¥¦»3¦¥å½Ô ¨%¤«	¥×Ö;¨M£3½5¥ª/©¶N¦«/©¤ ¨%¤«/©Â¥o©oª%«% Ø3°/ÕL²¢o¶N¾äûPÅ¦û ±
ÅW¥o¶¨Å ± ÅW¤»HD¨/¯½4Å
ºª/U¾5¯D¦«·o¶N°%¢o©U¶D²?£;¯N©oµ9±P¢o¶N°%«/¨¦«ÌÑXºjÓÉFû¯²¥o¤¢Q¥ª/~Á%°%¢×Ö;©¯D¥ ¶N«BÁ%ª;¯N·o·§*¹X¯N·Q ¨%¤«	¥×Ö;¨:¯N·1¥ª/
222 ¼{«©¶N«/©¤«	¥¢F¯D¥ ¶N«"¦«¥ª/(¹¯D¥o¤¢+·ª% ¤¬ ¨2§?¾+¯N·o°%¢o¨¯D¥¥ª/M¬ ¤»4¤¬ ·W¶D²UûOÉ-¾+¿Ø¾ 3 ÅÃ3°/©Fª
¯©¶N«/©¤«	¥¢F¯D¥ ¶N«^©¯D«£R(³ÀÁ%¬Ù¯D¦«/¨æ£	½ 222 ¼{«¨×Ê°/· ¶N«¥ª%¢o¶N°%±PªG¥ª/(«	½9¬ ¶N«G»4·o·o¤¬j¯D«/¨æ¦«	¥o¶¥ª/










































• 14  &)ê%#e&rÞ{ºª/e¨%¤¬¦¦»4¤¢¦«%±=¶D²?Á/·F¤°/¨%¶3©¤°%¾+¤«/~²¢o¶N¾Î¥ª/m¾5¯D«3°²â¯N©¤¥°%¢o¤¢+Ô ¸u«% ©Fª/¤¾(Õ{¥o¶=ù#Ä>mÃ§
²â¶N¬¦¬ ¶¹{·U·¥F¯D«/¨/¯D¢o¨ÌÁ%¢o¶9©¨°%¢o·~¦«ﬀ¯D±P¢o¤¾+¤«3¥U¹j¦¥ªﬀ¥ª/W¿X¶N¢o³À¦«/¶·¥¢ ©¤¥U©¤¬ ¯D«%¬¦¦«/·o·m¢oØ3°%¦¢o³É
¾+¤«3¥o·ÅuÄ¤»4¤¢¥ª/¤¬ ·o·§PÁR¤¥¢o¶N¬ ¤°%¾÷°/·o¨e¦«W¥ª/XÁ/·o¤°/¨%¶3©¤°%¾+¤«/{Á%¢o¶3¨°/©¤¥ ¶N«+©¯D«Wª;¯»4{¨×ÊR¤¢o¤«3¥












\¯D¥o ¼{°%«/· áQÁR¤¢F¯D¥ ¶N« ©¶N¾W¾+¤«3¥o·
ûmÓ/¤£ «	½9¬ ¶N«»4·o·F¤¬2¦«/·¥F¯D¬¦¬ ¨
ûmÍB¯½ ¹X¯D¥o¤¢1Ö/¬¦¬¦¦«%±






WÓ/¤£:ÉFûPû Pý^NÉuû ·¦¬¦ ©¯±4¤¬#©¶N¬¦°%¾W«-¥o·¥ ©¶N«3¥¦«	°/¶N°/·¬ ¶3¶NÁ.¾+¶9¨%
WÍB¯D¢FÉuPþ ûÉuû ¹X¯D¥o¤¢³À9¥¢F¯N©¤¥ ¶N«O¥o·¥ ©¶N«3¥¦«	°/¶N°/·¬ ¶3¶NÁ.¾+¶9¨%
W¡QÁ%¢F ûÉuû £%¬Ù¯D«%µM¬ ¶3¶NÁ
W¡QÁ%¢F û 14 Ñ"¥o·¥
WÍB¯½.ýÉu ûÉuûi
` ¹X¯D¥o¤¢³À9¥¢F¯N©¤¥ ¶N« ·¥o¶NÁÉå¯D«/¨9ÉÈ±4¶5¾+¶3¨%P§*¯N©¤ ¨ ©\¹X¯D¥o¤¢

























































































200 220 240 260 280 300 320 340
  37.09    /    33
Constant   205.1   4.570
Mean   277.8  0.4511
Sigma   24.32  0.3309
photoelectrons
Ó¦±P°%¢o$Å?(Ó¦¥W¥ª/M¤«/¤¢±P½·Á©¤¥¢°%¾ò¶D² 214 Ð¶:¯DÁ%Á%¬¦½9¦«%±ﬀ¯¢F¯N¨Ù¯D¬{©¤°%¥W¶D²­Å¾ò¨°%¢¦«%±Ì¢F¯N¨%¶N«
¦«Ö/¬¦¥¢F¯D¥ ¶N«¯² ¥o¤¢{¥ª/Ö/¢o·¥ 14 Ñø¥o·¥Å






¨%¤¢¦»4¨M²¢o¶N¾ë¥ª/ 14 Ñø¯D«;¯D¬¦½· ·~Ô ·oÂ«/³À¥{·o©¤¥ ¶N«*Õ³§% ·X²â¶N°%«/¨.©¤«	¥o¤¢o¨-¶N«V
` ±









































































































É)¨%©¯½9·=¹j¦¥ªø¯ﬀ1ÉÈ»P¯D¬¦°/O¶D² ∼ û:µ4ÈüÅLÆå«^¿¶N¢o³À9¦«/¶%§{¯N·M¯D¬¦¢o¯N¨½G¾+¤«	¥ ¶N«/¨2§1¯ 14 Ñ





ºª/ 14 Ñ"¯N©¤¥¦»3¦¥å½ A14C
 ·X¾+¯N·°%¢o¨=£	½5Ö/¥¥¦«%±e¥ª/¤«/¤¢±P½(·oÁ©¤¥¢°%¾g¹j¦¥ª.¯~¥ª/¶N¢o¤¥ ©¯D¬R² °%«/©³É




\¯D¥o Ã¯D¾WÁ%¬  ¼1°%« Ã9©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢ ÐÒÑ ÐLÐÒá
¢o¤¾+¶»4¨æÔµ3±3Õ ¯N¨%¨%¨Ôµ3±3Õ ©¶N«/©PÅ1Ô±¬Õ
ûPûi9ûi`  
`  B ûPÅ^
`  û Pý B ûPÅ¦ûý
































Zα · (T + me)√

































































·¦«%±P¬ mÐLÍ-ºø±	¯D¦«Ô © ∼ ûPÅ^$ ý^Õ³Å?ºª/Â«/¶N¢¾5¯D¬¦¦­¯D¥ ¶N«B¶D²¥ª/Â² °%«/©¤¥ ¶N« ·{¤»P¯D¬¦°;¯D¥o¨.«3°%¾+¤¢ ©¯D¬¦¬¦½4Å















¬¦×²â¤¥¦¾+\¢o·ÁR©¤¥¦»4¤¬¦½4Å?ºª/ 14 Ñﬃ 12 Ñ"¾5¯N·o·j¢F¯D¥ ¶£Ù ·j±P¦»4¤«£	½< ýPý^r?
þPý
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
Ã¯D¾WÁ%¬  14 Ñﬃ 12 ÑÔû −18 Õ
û ûPÅ ± Åû
 ûPÅ þPý ± Å

 /Å ý ± ÅPþ
 Å¦ûPû ± ÅPþ
º¯D£%¬ ﬁÅ?LÍ-¯N·°%¢o¨ 14 Ñ©¶N«/©¤«	¥¢F¯D¥ ¶N«¦«¯N©oªO¨%¤¬¦¦»4¤¢o¨O£;¯D¥o©oª#Å
Time (d/m/y)





























Ó¦±P°%¢oÅ H? 14 Ñ6¯N©¤¥¦»3¦¥å½+² ¢o¶N¾ ¤«/¤¢±P½+Ö/¥Åuºª/\·ÁR©¤¥¢°%¾g ·XÖ/¥¥o¨.¨/¯½5ÁR¤¢j¨/¯½M¯DÁ%Á%¬¦½3¦«%±5¯ Åe¾
























º¯D£%¬ AÅ§/¯D«/¨.¥ª/ 14 Ñ6©¶N«3¥o¤«	¥¯D¢om¢o¤Á¶N¢¥o¨M²â¶N¢{¯N©oª-¢°%«.¦«OÓ¦±P°%¢oÅ /Å
ºª/{Ö/¢o·¥?¥)¹X¶~£;¯D¥o©Fª/·Lª;¯»4Q¯ 14 Ñ¯N©¤¥¦»3¦¥å½+©¶N«/· ·¥o¤«	¥Ò¹j¦¥ª5¥ª/{¶N«/1¾+¯N·°%¢o¨+¦«MÑXºjÓﬂÉFûeÔûPÅ ý^









































τ2 (τ + 2)
2(I/mec
2)2





G (τ) = 1− β2 +
τ2






















(E) g (n,Q(E), S) dE
ÔÅ¦û4Õ
¹j¦¥ª































10 20 30 40 50 60 70 80
photoelectrons
























• ¨¦¢o©¤¥¬¦½=² ¢o¶N¾ 238 ÞÁ%¢o·o¤«	¥{¦«.¥ª/~·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢
• ² ¢o¶N¾Î¯D¦¢{¬ ¯Dµ·{¦«¥ª/mÁ%¦Á·¯D«/¨.¦«O©¶N«	¥F¯D¦«/¤¢o·Q°/·o¨¨°%¢¦«%±(¥ª/m·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢QÁ%°%¢×Ö;©¯D¥ ¶N«B¶N¢
¦«O¥ª/Â»4·o·o¤¬2Ö/¬¦¬¦¦«%±]





































• ² ¢o¶N¾ ¢F¯N¨%¶N«¦«.¥ª/\¹¯D¥o¤¢1£%°Ê2¤¢jÁ¤¢¾+¯D¥¦«%±(¥ª/\«	½9¬ ¶N«¾+¤¾U£%¢F¯D«/PÅ
¼Q¯N¨%¶N«¦¥o·o¤¬×²ª;¯N·u¯1¢o¤¬Ù¯D¥¦»4¤¬¦½·ª/¶N¢¥S¾+¯D«W¬¦×²âÂÔÅ¨/¯½9· Õ³§3¯D«/¨U¦«W·¾5¯D¬¦¬/¯D¾+¶N°%«3¥L¨%¶3·«/¶N¥S¢o¤Á%¢o·o¤«3¥
¯j¢o¯D¬3Á%¢o¶N£%¬ ¤¾¦«ÑXºjÓXÅÍ-¶N¢oÒ¨/¯D«%±4¤¢o¶N°/·u¯D¢o?¦¥o·ﬂ¨/¯D°%±Pª3¥o¤¢o·§N¾+¶P·¥¶D²/¯D¬¦¬ 210 Ðu£~¹jª% ©FªUª;¯N·S¯¬¦×²â¤¥¦¾+
¶D²FM½4¯D¢o·Å 210 Ðu£ β
É)¨%©¯½9·U¹j¦¥ª¤«/¤¢±P½B£R¤¬ ¶¹à¥ª/5¥ª%¢o·ª/¶N¬ ¨"Ô¤1ÉÈ»P¯D¬¦°/ ∼ û.µ4ÈümÕ³§2¹jª%¦¬ 5¦¥o·





214 ¿X×É 214 Ð¶(·o¤±P¾+¤«	¥§/¹jª% ©oª-¶9©©¤°%¢o·j¦«V µ
·Å
ºª/~¢F¯N¨%¶N«-¶N¢¦±P¦«B©¯D«O£Rm¨%¨°/©¨O£3½.¬ ¶3¶Nµ9¦«%±(¯D¥Q¥ª/~¨%©¯½.¥¦¾+U¶D²u¥ª/m¥F¯D±P±4¨ 214 Ð¶%§·¦«/©
¯D¬¦¬S ·o¶N¥o¶NÁR·Q¦«B¥ª/ 238 ÞÝ©Fª;¯D¦«Ì£¤¥å¹Ò¤« 222 ¼{«Ì¯D«/¨ 214 ¿Xª;¯»4W¯5¾+¯D«B¬¦×²â¶D²L¬ ·o·¥ª;¯D«Bª;¯D¬×²¯D«
ª/¶N°%¢ÅSÆÈ²¥ª/X¥¦¾+Á%¢o¶DÖ/¬ {¶D²·°/©Fª+©¶N¦«/©¤ ¨%¤«/©{¤»4¤«	¥o·?² ¶N¬¦¬ ¶¹{·S¥ª/ 222 ¼{«¾+¯D«W¬¦×²âP§P¥ª/¤¦¢?¶N¢¦±P¦«+©¯D«
















−16 ±±3Õ Ôû −22 ±±3Õ
¡A?H^WÉu
` ¦«%¦¥Ù¯D¬#£;¯D¥o©Fª Å ± ûPÅ ûe/Å ý ± Å Å ± Å ý
¿­?Hû^NÉuû ¯² ¥o¤¢Ã8¬ ¶9¶NÁ.¥o·¥ Å þ ± Åd
 
9Å ± ûPÅ Å ± ûPÅ 
Ñ?RûÉuûe	ý ¯²¥o¤¢Ö/¢o·¥F 6¸ Å ± Å¦û Å ± Å ûPÅ þ ± Å¦û
 ?RûÉuûi
` ¯² ¥o¤¢j£%¬Ù¯D«%µ=¬ ¶9¶NÁ °%«;¯D£%¬ m¥o¶eÖ/¥ °%«;¯D£%¬ m¥o¶Ö/¥ °%«;¯D£%¬ \¥o¶Ö/¥
¸D?RûÉuûi
` ¯² ¥o¤¢Ã8£;¯D¥o©oª-¥o·¥ Å ± Å Å ± Å ûPÅ þ ± Å
Ó?RÉu^B ¯²¥o¤¢UûÂ½4¯D¢1·¦«/©~Ã¦«.£;¯D¥o©Fª ûPÅ¦û ± Å¦û Å þ ± Å ûPÅ ± Å¦û
º¯D£%¬ Å H?m¸?Ø3°%¦»N¯D¬ ¤«3¥ 238 Þ ¯D«/¨ 226 ¼Q¯M¨%¤¢¦»4¨B² ¢o¶N¾¥ª/ 214 ¿X×É 214 Ð¶-©¶N°%«	¥m¢F¯D¥oPÅ5Ð¤¢ ¶9¨:  ·
¥o¶9¶W·ª/¶N¢¥j²â¶N¢1¯©¶N¢¢o©¤¥1 ¨%¤«	¥×Ö;©¯D¥ ¶N«B¶D²S¯+©¶N«/·¥F¯D«	¥{¢F¯D¥oPÅLÄQ¶W¢F¯N¨Ù¯D¬©¤°%¥jª;¯N·{£R¤«O¯DÁ%Á%¬¦ ¨2Å















 ·Ö%À%¨.¥o¶¥ª/ 222 ¼1«.¾+¯D«¬¦×²â+ÔÅW¨/¯½· Õ³Å
ºª/-³Ú5©¤ ¤«/©¤½¶D²m¨%¤¥o©¤¥¦«%±¥ª/ 214 ¿X×É 214 Ð¶¨%¤¬Ù¯½4¨"©¶N¦«/©¤ ¨%¤«/©-¨%¤ÁR¤«/¨%·5¶N«¥ª/¯DÁ%Á%¬¦ ¨
¤«/¤¢±P½¯D«/¨.¥¦¾+\©¤°%¥o·?
• ûÕ?©¤°%¥L¦«5¥ª/1«	°%¾U£¤¢¶D²#Á%ª/¶N¥o¶3¤¬ ©¤¥¢o¶N«/·Ò²â¶N¢?¥ª/1·F©¶N«/¨(¤»4¤«3¥?1Ñ«s8B5Ô ε  Å ýPý4Õ?
• 4Õ©¤°%¥{¶N«O¥ª/m©¶N¦«/©¤ ¨%¤«/©m¥¦¾+?l µ ·¥
9û µ ·mÔ ε 6Å ý^3Õ³Å
ºª/\¥o¶N¥F¯D¬ﬂ¨%¤¥o©¤¥ ¶N«³Ú5©¤ ¤«/©¤½M ·1ý^/Å4ß=Å
Â¶4¯D¬X¶D²j¥ª/Ö/¥~ ·~¾+¯N·°%¢¦«%±O¥ª/W¢F¯D¥o(¶D²j¥ª/5©¶N«/·¥F¯D«3¥~¥o¤¢¾§¹jª% ©oªæ©¯D«ﬀ£RW ¨%¤«	¥×Ö;¨¹j¦¥ª




• {êem%±°  ÉX¡{² ¥o¤¢j¥ª/Â¥o·¥1¶D²S¥ª/\·¦¬¦ ©¯±4¤¬#¦«.¬ ¶9¶NÁ.¾+¶9¨%5Ô¢°%«Vû^NÉuû4Õ³Å


























































































































³À¥¢F¯N©¤¥ ¶N«:Á%°%¢×Ö;©¯D¥ ¶N«·o¤¾+·§#¯N·m³À9ÁR©¤¥o¨2§ﬂ¯D£/·o¶N¬¦°%¥o¤¬¦½B¦«/³Ú5©¤ ¤«3¥~¦« 226 ¼Q¯BÔ ¶N¢ 238 Þ\ÕQ¢o¤¾+¶»P¯D¬ÈÅ










































• ûÕ¤«/¤¢±P½.©¤°%¥{¶N«¥ª/ β ¤»4¤«	¥?Ò¸ ^/ûÂµ4Èü Ô ε 6ÅûÕ?
• 4Õ¤«/¤¢±P½.©¤°%¥{¶N«¥ª/ γ ¤»4¤«	¥?µ4Èü è¸  Wµ4Èü Ô ε 6Å þ4Õ?
















































226 ¼Q¯MÔ 238 Þy×²·o©¤°%¬Ù¯D¢{Ø3°%¦¬¦¦£%¢¦°%¾  ·{¯N·o·°%¾+¨;Õ³§¥o¶+¯UÁR¤¢¾+¯D¥ ¶N«¥ª%¢o¶N°%±Pª¥ª/Â«3½3¬ ¶N«.¾+¤¾U£%¢F¯D«/



















¡QÁ%Á%¢o¶À¦¾5¯D¥o¤¬¦½Å4ß¶D²{¥ª/ 214 ¿Ò×É 214 Ð¶B©¶N¦«/©¤ ¨%¤«/©ÌÔ²â¯D¬ ·o=¤»4¤«	¥ ÕU¶9©©¤°%¢o·e¹j¦¥ª%¦«¥ª/(¥¦¾+
±	¯D¥o°/·o¨²â¶N¢m·o¤¬ ©¤¥¦«%±.µ9¢½3Á%¥o¶N«#ÅÄ¤»4¤¢¥ª/¤¬ ·o·§#¤«/¤¢±P½B©¤°%¥o·m·¥¢o¶N«%±P¬¦½¢o¨°/©W¥ª/ÁR¶P·o·¦£%¦¬¦¦¥)½¥o¶














¥ª/B¥o¶N¥F¯D¬~©¶N°%«3¥O¢F¯D¥oB£	½¯æ²È¯N©¤¥o¶N¢ ∼ NÉuÅëÍ-¶N¢o¶»4¤¢§m¯D«;¯D¬¦½3­¦«%±6¯Ö;¨°/©¤Ù¯D¬m»4¶N¬¦°%¾+ﬀ¶D²µÅ þ¾






























1000 2000 3000 4000 5000 6000
  5.664    /    14
Constant   3.367  0.2163











0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MeV
Ó¦±P°%¢oÅ ý?ÑX¶N¦«/©¤ ¨%¤«/©(¥¦¾+(¯D«/¨ﬀ¤«/¤¢±P½:¨ ·¥¢¦£%°%¥ ¶N«ﬀ² ¶N¢~·F¤¬ ©¤¥o¨:µ9¢½3Á%¥o¶N«æ¤»4¤«	¥o·ÅMºª/²È¯N·¥
¨%©¯½ 85Kr → 85mRb → 85Rb ¶9©©¤°%¢o·1¹j¦¥ª:¯+¾+¯D«¬¦×²â~¶D²ûPÅ B µ ·Q¹jª% ©oªB ·1¦«Ì¯D±P¢o¤¾+¤«	¥\¹j¦¥ª



































1 2 3 54 6
Time (d/m/y)

































\¯D¥F¯5Ã9¤¥ \¯½· 85 ËÂ¢É 85m ¼{£ 85 ËÂ¢Q¯N©¤¥¦»9¦¥)½ 85 ËÂ¢É 85m ¼1£ 85 ËÂ¢1¯N©¤¥¦»9¦¥)½
¤»4¤«	¥o·eÔ¢ge¾(Õ Ô ©iD¨R¾
IV




` ^/Å¦û  ±  BPý ± þ û ±  Pþ ± ûPþ
?l
NÉuPý ûPÅ¦û ûý ±  B ± þ^ 
 ±  Pþ
 ± û
?lPý^NÉuû Å Pþ ±  û ± þû ûý ±  	ýPþ ± û
H?lûÉuûe	ý Å 
 ±  ûPûþ ±   8ýû+Ôâý4ßWÕ
?lû^NÉuûû ûÅ  ±  û ± 
9û  àûýû5Ôâý4ßWÕ
?lûÉuûþ ^/Å¦û  ±  ý ± 
9û  8ýPý.Ôâý4ßWÕ

O?lûþPþÉuPþû ý^/Å û ±  ûeB ± Pþ  ± û ûþ ± ý
þ?lPþÉu^B ýPýÅ¦û  ±  ýPþ ±  
 ±  û ± 
ý?l^BÉu^B^ ûÅ þ  ±  ý ± û ý ±  
 ± û














• ¥ª/m¨%¤¥o©¤¥o¶N¢Q¢o·o¶N¬¦°%¥ ¶N« σ  ·{©¶N«/·o¥F¯D«	¥1¥ª%¢o¶N°%±Pª/¶N°%¥Q¥ª/\»4¶N¬¦°%¾+m¶D²S¥ª/\»4·o·o¤¬6


























































































































¡ ¨¦¢o©¤¥¥o·¥W¶D²1¥ª/=¢F¯N¨Ù¯D¬j¨ ·¥¢¦£%°%¥ ¶N«G ·e±P¦»4¤«£	½ﬀ¥ª/(Ö/¥W¶D²1¥ª/ 214 Ð¶·oÁ;¯D¥Ù¯D¬¨ ·o¥¢¦£%°%¥ ¶N«#Å
214 Ð¶e¤¾W¦¥¥o¨ α
































0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
  33.65    /    25
P1   1.008  0.3649E-02
P2  0.1350  0.3186E-02
P3   8844.   95.16
m
Ó¦±P°%¢o£Å¦û?Ó¦¥U¶D²{¥ª/ 214 Ð¶-¢F¯N¨Ù¯D¬¨ ·¥¢¦£%°%¥ ¶N«¹j¦¥ªæ¥ª/+£%°%¬¦µ¨ ·¥¢¦£%°%¥ ¶N«øÔ ¸LØﬂÅ4Õ³Åºª/











0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
  18.18    /    19
P1   1.070  0.2100E-01
P2  0.1443  0.1512E-01
P3   4621.   295.3
P4  0.1374  0.1304E-01




























































































 û·¥j£;¯D¥o©oª¶D²S·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢ ûý ± ^ ý ± 
Pý
NÉuPý ¡{² ¥o¤¢mû·¥ 14 Ñ6¥o·¥ 
 ± B þûý ± 
Pý^NÉuû Q°%¢¦«%±=¯D«/¨O¯²¥o¤¢ÂÃ8¦«.¬ ¶3¶NÁ ûPû ± ûý ý^/û ± ûi

ûÉuûe	ý Q°%¢¦«%±=¯D«/¨O¯²¥o¤¢Uû·¥ﬃ 6¸ ûý ± ûPû ýPþPý ± û
û^NÉuûû Q°%¢¦«%±5£%¬Ù¯D«%µ=¬ ¶9¶NÁ 
Nþ ±  ýûe ± û
ûÉuûþ Q°%¢¦«%±=¯D«/¨O¯²¥o¤¢D«/¨® 6¸ Pþ ± û ý^B ± ûe
ûþPþÉuPþû Q°%¢¦«%±=¯D«/¨O¯²¥o¤¢ÂÃ8¦«.£;¯D¥o©oª  ±  ý
 ± û
PþÉuû þ¾+¶N«	¥ª/·¯²¥o¤¢Ã¦«.£;¯D¥o©oª 
 ±  ý
` ± û
Éu^B û¾+¶N«	¥ª/·¯²¥o¤¢Ã¦«.£;¯D¥o©oª ûi
Nþ ± û ýûi
 ± û
^BÉuPþ û¾+¶N«	¥ª/·¯²¥o¤¢Ã¦«.£;¯D¥o©oª ûû ± û þ ± û
PþÉu^B^ ¾+¶N«	¥ª/·¯²¥o¤¢Ã¦«.£;¯D¥o©oª þ





















































































































































0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MeV
Ó¦±P°%¢oVÅ¦û?B¡Q«;¯D¬¦½3¥ ©¯D¬¤«/¤¢±P½·Á©¤¥¢°%¾ Ô£%¬Ù¯N©oµG¬¦¦«/Õ³ÅyÃ3°%ÁR¤¢¦¾WÁ¶P·o¦¥ ¶N«"¶D²\¥ª/O·¦«%±P¬ -©¶N¾É
ÁR¶N«/¤«	¥o·?M¢F¯N¨%¶N«^·F¤±P¾+¤«	¥+¦«Ø3°%¦¬¦¦£%¢¦°%¾ Ô 222 ¼1«I 218 Ð¶B 214 ¿X¹ 214 Ð?£I 214 Ð¶B¢o¨¬¦¦«/Õ³§ 210 Ð¶


















Ö/¥\¯D¢o? 210 Ð¶ÌÔ ·oU«/³À¥Q·°%£/·o©¤¥ ¶N«*Õ³§ 210 ¿XÈ§*¥ª/e¢F¯N¨%¶N«·o¤±P¾+¤«3¥Â¦«Ø3°%¦¬¦¦£%¢¦°%¾Ô 222 ¼{«9 218 Ð¶












Æå«Á¤¢ ¶9¨¶D²1¢o¤¬Ù¯D¥¦»4M¬ ¶¹¯N©¤¥¦»9¦¥)½4§L¹jª/¤«G¥ª/ 85 ËÂ¢Ôâ¯D«/¨RD¶N¢ 39 ¡Q¢ ÕU·Á©¤¥¢°%¾  ·W©¶N¾WÁ%¬ ¤¥o¤¬¦½


























² ¢o¶N¾¥ª/ 210 Ðu£æ·o¤±P¾+¤«	¥U£¤¬ ¶N«%±P¦«%±-¥o¶.¥ª/ 238 Þg©oª;¯D¦«#Å 210 Ðu£ β
É)¨%©¯½9·U¦« 210 ¿X?¹j¦¥ªæ¯M¾+¯D«
¬¦×²â~¶D²lÅW½¯D«/¨B¯1ÉÈ»N¯D¬¦°/ ∼ û+µ4Èü§/«/¶N¥Q¨%¤¥o©¤¥F¯D£%¬ U£	½-ÑXºjÓÅRáQ«O¥ª/e¶N¥ª/¤¢1ª;¯D«/¨2§ 210 ¿Xﬂ©¯D«
£R~¨%¤¥o©¤¥o¨B·¦«/©U¦¥
β
É)¨%©¯½9·¦« 210 Ð¶%§¦« ∼ 
+¨/¯½·Q¹j¦¥ªÌ¯®1ÉÈ»N¯D¬¦°/ ∼ ûPÅ(ÍÈüÅ 210 Ð¶=¨%©¯½·
¦« 206 Ðu£¹jª% ©FªO ·1¯·o¥F¯D£%¬ \ ·o¶N¥o¶NÁRPÅ
 :\ ¨%¤«3¥×Ö;¨¥å¹Ò¶+ÁR¶P·o·¦£%¬ \©¯D°/·F·j¹jª% ©oª©¯D« Ç°/·¥×² ½=¥ª/ÂÁ%¢o·o¤«/©~¶D² 210 Ð¶?
• k§m±`¿ 210 DÀiÞ 210 Ðu£6£%°%¦¬ ¨%·M°%Áø¯² ¥o¤¢=³ÀÁR¶P·°%¢o¥o¶¢F¯N¨%¶N«¶N¢(¦¥M©¯D«"£RO©¶N¬¦¬ ©¤¥o¨6£3½¥ª/
·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢?Á;¯N·o·o¦«%±¥ª%¢o¶N°%±PªWÁ%¦ÁR·S¶N¢S¥F¯D«%µ9·ÅuÃ3°/©oªWª3½3ÁR¶N¥ª/· ·u©¯D«£RÒ·°%Á%ÁR¶N¢¥o¨£	½U¬ ¶3¶Nµ9¦«%±
×²S¥ª/mØ3°%¦¬¦¦£%¢¦°%¾ £R¤¥)¹Ò¤« 210 ¿Xﬂ¯D«/¨ 210 Ð¶W ·{·¥F¯D£%¬¦ ·ª/¨2Å
•  ¹moê²©& 210 D±V²½±!R&¤¯`¿ ¹!ª¯&''±!ªÞ 210 Ð¶©¶N°%¬ ¨Ì£RW¨¦¢o©¤¥¬¦½BÁ%¢o·o¤«	¥U¦«Ì¥ª/+·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢¯D«/¨RD¶N¢
¶N«-¥ª/\»4·o·o¤¬ÈÅÒÆ)«-·°/©oªO©¯N·F·§%¹ÒU¨%¶N«) ¥Q³ÀÁ©¤¥¯D«	½.Ø	°%¦¬¦¦£%¢¦°%¾ã£R¤¥)¹Ò¤« 210 ¿X¯D«/¨ 210 Ð¶%§
£%°%¥1¹Òm·ª/¶N°%¬ ¨O¶N£/·o¤¢»4~¯©¶N«/·¥F¯D«3¥Q¨%©¯½M¹j¦¥ª¥ª/ 210 Ð¶+¾+¯D«O¬¦×² PÅ














¥ª/m¹jª/¶N¬ e¤«/¤¢±P½·ÁR©¤¥¢°%¾Å{ºª/m¢F¯N¨%¶N«B·o¤±P¾+¤«3¥©¶N¢¢o·ÁR¶N«/¨%·Q¥o¶ 222 ¼{«#§ 218 Ð¶%§ 214 Ð?£#§ 214 Ð¶M¯D«/¨
214 ¿X2¦«OØ3°%¦¬¦¦£%¢¦°%¾Å
ﬁﬃﬂ !ﬂ#"%$& ')(*!+-,.+/102+32!45$7684:9<;-$7$=35$&>@?A0CB!DE$=(FG>@H5I ')(*!+-,.+/102+3J!45$LKNM
O
8¶xÈa»;1P

































































ÒAÙ=Ò ± Í Ô Ó=Ò ± Õ Í ± Ô Ð=Ð ± Ô Ò Î=Ù p ± Ù ÎÐWÓ ± Ð
ÒAÒAÙ=ÒWÀ,ÒAÎÕ
Í
ÕCÓ ± Î ÎÕ ± Ð ∼ Ó Ô Ò Í ± Ô=Ô Ô Ó=Ò ± Ì Ô Ó=Ò ± Ì









0.25 0.5 0.75 1





0.25 0.5 0.75 1






0.25 0.5 0.75 1





0.25 0.5 0.75 1






0.25 0.5 0.75 1






0.25 0.5 0.75 1






0.25 0.5 0.75 1





0.25 0.5 0.75 1





0.25 0.5 0.75 1












0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
  95.53    /    93
P1   6258.   125.0
P2   4232.   202.8
P3   1750.   53.64
P4   853.0   86.36
P5   1.691  0.1273E-01
P6   22.73  0.8668E-01












0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
  133.0    /    93
P1  0.1011E+05   175.3
P2   3652.   143.7
P3   188.0   23.19
P4   2758.   427.0
P5   2.642  0.2766E-01
P6   28.34  0.1500





























ºª/¤«/¤¢±P½=¯D«;¯D¬¦½· ·X©¶N«Ö/¢¾+·¥ª/Q·¥¢¦Á%Á%¦«%±W³Ú5©¤ ¤«/©¤½+¦« 85 ËÂ¢j¯D«/¨ 39 ¡Q¢Ò¢o¤¾+¶»N¯D¬R£3½(¯Â²È¯N©¤¥o¶N¢
Åd
 ± Å^/Å 39 ¡1¢Â¯N©¤¥¦»3¦¥å½ ·Q·o¥¦¾5¯D¥o¨O£3½O·°%£%¥¢F¯N©¤¥¦«%±=¥ª/ 85 ËÂ¢Q¦«	¥o¤¢«;¯D¬?¯N©¤¥¦»3¦¥å½4§R¨%¤¢¦»4¨O² ¢o¶N¾
¥ª/m¨%¤¬Ù¯½4¨O©¶N¦«/©¤ ¨%¤«/©MÔ º¯D£%¬ ﬁÅ4Õ³§%²¢o¶N¾ ¥ª/ 85 ËÂ¢% 39 ¡1¢j¢F¯D¥oPÅÒÆ)«.¥ª/ÂÖ/¢o·o¥{£;¯D¥o©oª-¹Ò\ ¨%¤«3¥×Ö;¨
¯D«¯N©¤¥¦»3¦¥å½ ^	þ©¶N°%«	¥o·pD¨/¯½èÔâý4ß ÑÅ ù?Å Õ³ÅÆå«æ¥ª/=¨/¯D¥F¯B·F¤¥W¯² ¥o¤¢¥ª/M©¶N¬¦°%¾W«G¦«æ£;¯D¥o©FªyÔ¢°%«
ûþPþÉuPþ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2.0 × 10−2 ton−1d−1 Ô 1.5 × 10−2 ton−1d−1 ¹jª/¤«
°/·¦«%±+¥ª/Â¾+¶P·o¥{¢o©¤«	¥{¢o¤ÁR¶N¢¥j² ¢o¶N¾ù#ÞÄQ¡è² ¶N¢1¥ª/ 14 Ä6ÁO©¤¢o¶P·F·{·o©¤¥ ¶N«b þ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 ¶4¯N©¤¥¦»4©oª;¯D¦«/·Å{¡ 238 Þ÷¯D«/¨ 232 ºª-©¶N«3¥F¯D¾W×É
«;¯D¥ ¶N«=¯D¥L¥ª/~û
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ÔûPÅ¦û ± Å4ÕÒÀ 10−1
9C
Ô¤
9Å ± Å4ÕÒÀ 10−2
9Li + 8He
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Å þ+¯D«/¨:ûPÅ+Í-)üeÅ






§9¥ª/ÂÁ¶P·¦¥¢o¶N«.¤¾W¦¥¥o¨M£3½5¥ª/ 11 Ñ β+
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Ó/¶N¬¦¬ ¶¹j¦«%± ·+¯B¬¦ ·o¥+¶D²¥ª/M² °%«/¨/¯D¾+¤«	¥F¯D¬Q¢o¯N©¤¥ ¶N«/·+¥ª;¯D¥5©¯D«^Á%¢o¶3¨°/© 11 Ñ§u¥o¶N±4¤¥ª/¤¢5¹j¦¥ª¥ª/¤¦¢
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FIG. 2: Cross sections for 11C production as a function of
energy.
ent muon track and the neutron capture on protons in
the scintillator to tag those 11C events on a one-by-one
basis [19]. On the other hand, as suggested by Calaprice,
there is also the possibility of creating a 11C while eject-
ing a deuteron in a (p,d) exchange reaction. The (p,d)
reaction would create an invisible channel for 11C produc-
tion since the nuclide produced through such process can-
not be tagged with the three-fold coincidence mentioned
above. Similarly, reactions triggered by pi mesons can
also produce decays in invisible channels, as explained
later.
Following is a list of the fundamental reactions that can
produce 11C, together with their cross section and refer-
ences to specific studies. For all the reactions with a neu-
tron in the final state, the energy threshold is ∼ 20 MeV
(i.e. the neutron binding energy in 12C).
•
12C(γ,n)11C [27]: the cross section for the γ-ray in-
duced process peaks at 7 mbarn around 23 MeV.
The cross section value in the peak region, rela-
tively large for an electromagnetic interaction, is
due to the nuclear giant dipole resonance [28].
•
12C(n,2n)11C [29]: the cross section has a sharp
peak (17 mbarn) around 33 MeV. At higher ener-
gies, we rely on the set of experimental data by
Kim et al. [29] in the range 40-150 MeV, which is
the only available for energies above 40 MeV. Those
data are affected by a large experimental error, as
high as 40%. As pointed out by the authors, their
results disagree starkly with theoretical expecta-
tions which predict much lower values for the cross
section in the same energy range [30]. Also, we
assume that at energies higher than 150 MeV the
cross section keeps the constant value attained in
the range 70-150 MeV. Uncertainties in the knowl-
edge of the cross section for this process represent
the largest systematic error in our ab initio calcu-
lation of the rate of production of cosmogenic 11C.
We estimate that the systematic error attributable
to this source could reach 50% of the production
rate expected from the 12C(n,2n)11C channel. All
the other cross sections are known with a precision
better than a few percent.
•
12C(p,p+n)11C [31]: the cross section reaches a
peak value of 98 mbarn at 40 MeV, and decreases
to a plateau of 30 mbarn, constant up 1 GeV.
•
12C(p,d)11C [32]: the cross section has a threshold
of 16 MeV and has been measured at 52 and 65
MeV (15 and 10 mbarn respectively). The only
measurement available in the range above 100 MeV
tells us that the cross section is in the range of a
few µbarn, and therefore negligible.
•
12C(pi−,pi−+n)11C [33]: the cross sections exhibits
a broad peak centered around the (3,3) resonance
for the pion-nucleon interaction (see Dropesky et
al. [33]) with a value of 70 mbarn at 190 MeV.
Data are available up to 550 MeV, and show that
the cross section reaches a plateau above 400 MeV.
We assume that the cross section keeps a constant
value at higher energies.
•
12C(pi+,pi+N)11C [33]: the cross section exhibits a
broad resonance peak in the same region, reach-
ing 45 mbarn around 160 MeV. Data are available
up to 470 MeV, and show that the cross section
reaches a plateau above 350 MeV. We assume that
the cross section keeps a constant value at higher
energies. Contrarily to pi−, positive mesons do not
necessarily produce a neutron in the final state: the
N in the final case stands for nucleon and can be
either a proton or a neutron. Due to the possi-
bile charge exhcange occurring in the strong meson-
nucleon interaction, the fragments in the final state
can be either (pi++n) or (pi0+p), the latter having
a threshold of 13 MeV. No data are available on the
relative composition of the final state, but it is ex-
pected from theoretical considerations (see Chivers
et al. in [33]) that the frequency of the invisible
channel, with a proton in the final state, should ac-
count for 2/3 of all the pi+-induced reactions. We
rely on this assumption in our calculations.
The cross sections for all the processes producing 11C
have been compiled using the procedure detailed above
and are shown in figure 2.
We performed a full simulation of muon-induced show-
ers with the particle transport code FLUKA [34]. The
FLUKA code has been used by Wang et al. [17] to cal-
culate the production rate of neutrons by muons in liq-
uid scintillator at several depths, and has been found
to reproduce experimental results very well. Recently,
FLUKA has been used by Kudryavtsev et al. [26] to cal-
culate the distance between the parent muon track and
the point of capture on protons of neutrons produced
in scintillator by muon-induced cascades at Gran Sasso





















FIG. 3: Cumulative range of secondaries generated in muon-
induced showers. Results are quoted in cm of range per meter
of µ track.
depth, and results were found to be in agreement with
the experimental data from the LVD experiment [21].
We used FLUKA to calculate production rates and
ranges of all the prominent secondaries, i.e. protons, neu-
trons, pi mesons, and γ-rays. We simulated showers orig-
inating from negatively charges muons (µ−) at 100 and
190 GeV (the energies of the muon beams for the ex-
periement described in [22]), at 285 GeV (average energy
at Kamioka), at 320 GeV (average energy at Gran Sasso),
and at 350 GeV (average energy at SNOLab). The target
material in the simulation was the solvent of the liquid
scintillator for Borexino, trimethylbenzene (C9H12), with
density 0.88 g/cm3 (incidentally, this makes up 20% of
the solvent used in KamLAND). Results should not vary
greatly with other organic solvents, given that typical
values of density and mass ratio between carbon and hy-
drogen are close to the values of trimethylbenzene. We
tracked muons for 100 meters, and for each of the promi-
nent secondaries we calculated the cumulative range of
the particles as a function of the particle energy with
a 10 GeV cutoff. The results are shown in figure 3 for
particles with energy below 1 GeV.
We then turned to the computation of the 11C produc-
tion rate from each one of the interactions listed above,
for each of the energies of the muons taken into con-
sideration. The production rate has been calculated by
taking the energy convolution, for each of the possible
interactions, of the cross sections with the range of the
secondary particles responsible for inducing that particu-
lar interaction. Results are summarized in table III. The
quoted production rate in the invisible channels rate has
been calculated by adding the rate from the 12C(p,d)11C
reaction to 2/3 of the rate from the 12C(pi+,pi+N)11C re-
action. The error quoted in table III accounts for the
systematic error, which is dominated by the uncertainty
in the knowledge of the cross section for the process
12C(n,2n)11C. Our best estimate for the systematic er-
ror is 50% of the production rate in such channel, which
TABLE III: Production rates for 11C in muon induced show-
ers. The calculated total production rates are compared with
the experimental values available at 100 and 190 GeV from
Ref. [22], and with the extrapolated values at the mean muon
energy for KamLAND and Borexino (also from Ref. [22]) and
at SNOLab. The procedure used to determine the expected
rate from the invisible channels and the systematic error af-
fecting our calculation are outlined in the text.
Eµ [GeV] 100 190 285 320 350
Rate
Process [10−4/µ/m]
12C(p,p+n)11C 1.8 3.2 4.9 5.5 5.6
12C(p,d)11C 0.2 0.4 0.5 0.6 0.6
12C(γ,n)11C 19.3 26.3 33.3 35.6 37.4
12C(n,2n)11C 2.6 4.7 7.0 8.0 8.2
12C(pi+,pi+N)11C 1.0 1.8 2.8 3.2 3.3
12C(pi−,pi−+n)11C 1.3 2.3 3.6 4.1 4.2
Invisible channels 0.9 1.6 2.4 2.7 2.8
Total 26.0 38.8 52.0 57.1 59.4
1σ systematic 1.3 2.4 3.5 4.0 4.1
Measured 22.9 36.0
1σ experimental 1.8 2.3
Extrapolated 47.8 51.8 55.1
is between 5% and 7% of the total production rate de-
pending on the energy. The fractional statistical error
associated with our Monte Carlo calculation is 0.6% and
is negligible with respect to the systematic error.
The total calculated rate is in good agreement, within
the experimental and sytematic uncertainties, with ex-
perimental values at the energies of 100 and 190 GeV.
The calculated rates at the energies of 285, 320, and 350
GeV, although higher than the extrapolated values by
between one and two times the systematic error, are still
in good agreement with them.
We also calculated the production rates for positively
charged muon (µ+) at 320 GeV. The difference in the
production of 11C, for all of the channels in considera-
tion, by µ+ and µ− at the energy of 320 GeV is within
the statistical error of our Monte Carlo calculation. We
conclude that the dependence of the cross section for 11C
production on the sign of the charge of the muons is neg-
ligible within the scope of the study we present in this
paper.
As shown in figure 3, the particle content of muon-
induced showers is, as expected [35], dominated by γ-
rays. In particular, at the resonant energy for the giant
dipole resonance of 12C - 23 MeV - the cumulative range
of γ-rays is three orders of magnitude larger than the cor-
responding values for neutrons, and five orders of magni-
tude larger than for other hadrons. As a consequence of
this fact, the dominant process for the production of 11C
nuclides is the (γ,n) exchange reaction, accounting for
∼60% of the total production rate. Other channels with
a neutron in the final state account for an additional 35%
of the total production rate. The rate of 11C production
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ε(r, t) = ξ(r) × η(t) ÔÅ¦ûÕ
¹jª/¤¢o
η(t)
 ·{¥ª/m³Ú5©¤ ¤«/©¤½M² ¶N¢j¥ª/m¢oZ©¤¥ ¶N«¶D² 11 Ñø¤»4¤«	¥o·1¹jª/¤«¯©¤°%¥{¦«¥¦¾+\² ¶N¢Q¯e¥¦¾+U·Á;¯D«
Ø3°;¯D¬;¥o¶¨&S ·L¯DÁ%Á%¬¦ ¨M¯D¢o¶N°%«/¨+¥ª/1«/¤°%¥¢o¶N«(©¯DÁ%¥°%¢oQÁ¶N¦«3¥Å¦»4¤«5¥ª/Q³À9ÁR©¤¥o¨+¨%©¯½+¨ ·o¥¢¦£%°%¥ ¶N«
¶D² 11 Ñ§¹Òm¶N£%¥F¯D¦«)?
η(t) = 1− e−t/τ ÔÅ4Õ
¹jª/¤¢o
τ






















¢o· ¨°;¯D¬ 11 ÑÔ 
C11








































































































































































































¥ª/ÂÁ%¢o©¨¦«%±W«/¤°%¥¢o¶N«. ·¥ª/Â¬ ¶N«%± 11 Ñ^¬¦×² ¥¦¾+\¶D² τ = 29.4
¾W¦«#Åuºﬂ¹Ò¶W¢oØ3°%¦¢o¤¾+¤«	¥o·1ª;¯»4Â¥o¶e£
¶»4¤¢o©¶N¾+m² ¶N¢1¯+·°/©©·o·² °%¬ﬂ¯DÁ%Á%¬¦ ©¯D¥ ¶N«-¶D²?¯ 11 Ñ"¢oZ©¤¥ ¶N«-©¤°%¥?
• ¥ª/¤¢om·oª/¶N°%¬ ¨.£Â«/¶5©¶N«	»4©¤¥¦»4~©¤°%¢¢o¤«3¥o·Q¶N«O¥ª/Â¥¦¾+m·o©¯D¬ m¶D²Sª/¶N°%¢o·{¾+¶»3¦«%±+¥ª/ 11 Ñø¯D¥o¶N¾
¯¹X¯½M²¢o¶N¾ ¦¥o·{Á%¢o¶3¨°/©¤¥ ¶N«O·o¦¥oO
• ¥ª/.¬ ¶9©¯D¥ ¶N«^¶D²¥ª/ 11 Ñ Á%¢o¶9¨°/©¤¥ ¶N«¬ ¶3©¯D¥ ¶N«^«/¨%·W¥o¶B£M¢o©¶N«/·o¥¢°/©¤¥o¨¹j¦¥ª·°Ú5©¤ ¤«3¥
¯N©©¤°%¢F¯N©¤½4Å
¼1©¤«3¥¨/¯D¥F¯+² ¢o¶N¾Î¥ª/UËm¯D¾+ù#¡QÄà¨%¤¥o©¤¥o¶N¢Âª;¯»4U·ª/¶¹j«B¥ª;¯D¥Q¥ª/¤¢o¯D¢om«/¶=©¶N«	»4©¤¥¦»4W©¤°%¢¢o¤«3¥o·


























O?(Æ)«·¦¥° 11 ÑøÁ%¢o¶3¨°/©¤¥ ¶N«£3½.©¶P·¾W © µ
¦«-ÑXºjÓ
MeV





















9Å ± Å þ4ÕÒÀ 10−2
8Li
ÔÅ ± Å4ÕÒÀ 10−3
6He
ÔÅd





ÔÅ þ ± Å ý4ÕÒÀ 10−3
9Li + 8He






































¹j¦¥ª-¯©¯DÁ%¥°%¢o~¥¦¾+m¶D² ∼  µ ·{¥ª%¢o¶N°%±Pª¥ª/\¢o¯N©¤¥ ¶N«












































200 400 600 800 1000 1200
x 10
3
  10.63    /    14
Constant   4.041  0.1474
Slope -0.5003E-05  0.4496E-06














































• ©¶N«Ö/¢¾W¦«%±(¥ª/\Á%¢o·o¤«/©m¶D²S¥ª/ 11C ¤»4¤«3¥o·{£	½=Ö/¥¥¦«%±+¥ª/¤¦¢1¾+¯D«¬¦×² 
• ·¥¦¾5¯D¥¦«%±(¥ª/Â«	°%¾U£¤¢¶D²Á%¢o¶9¨°/©¨ 11C Å
û
ÑÒª;¯DÁ%¥o¤¢











• ¥¢°/GÔ¤s1Õ(¯D«/¨^²â¯D¬ ·oæÔ  Õ(¤»4¤«	¥o·.©¶N°%Á%¬ ¨6¥o¶¥ª/² ¢F¯N©¤¥ ¶N«÷Ô α Õ(¶D² γ2.2MeV ·=¶N¢¦±P¦«;¯D¥o¨ø£	½
«/¤°%¥¢o¶N«·Á;¯D¬¦¬Ù¯D¥ ¶N«¦« 11C
Á%¢o¶9¨°/©¤¥ ¶N«&




































P5 = b · e−bt1 . Ô¤
9Å þ4Õ
ÑX¶N¾WÁR¶P·¦«%±(¯D«/¨·o°%¾W¾W¦«%±(¯D¬¦¬#¥ª/ÂÁ%¢o¶N£;¯D£%¦¬¦¦¥ ·§;¥ª/ÂÖ/«;¯D¬ﬂ¨ ·¥¢¦£%°%¥ ¶N«- ·{¨%³Ö/«/¨.£	½@?
P (α, τ, b) = α · P1 · P2 · (P3 + P4) + (1− α) · P5 Ô¤
9Å ý4Õ
= α (b + 1/τ) e−(b+1/τ) t + (1− α) b e−b t
û
ÑÒª;¯DÁ%¥o¤¢




































































• Â¶N¾+¤¥¢ ©¯D¬³Ú5©¤ ¤«/©¤½MÔ εr Õp?1ßg¾~°/·¥u£R«/¶N¢¾5¯D¬¦¦­¨W¥o¶Â¥ª/j¤«	¥¦¢oÂÑXºjÓ»4¶N¬¦°%¾+j¥F¯Dµ3¦«%±\¦«3¥o¶
¯N©©¶N°%«3¥1ÁR¶P·o·¦£%¬ Â«/¶N«°%«%×²â¶N¢¾W¦¥)½¶D²¥ª/ 11C
·Á;¯D¥Ù¯D¬#¨ ·o¥¢¦£%°%¥ ¶N«#Å
• Ä¶N¢¾5¯D¬¦¦­¯D¥ ¶N«-¶»4¤¢1¥ª/\¤«	¥¦¢o 11C ¤«/¤¢±P½.·ÁR©¤¥¢°%¾$? εen _Å þÅ
• Ä¤°%¥¢o¶N«/·{¨%¤¥o©¤¥ ¶N«ﬀÔ εn Õp?S«/¤°%¥¢o¶N«/·{©¯D«.·o©¯DÁR¥ª/Q»4·F·o¤¬R¹j¦¥ª/¶N°%¥{¶NÁ¤«%¦«%±¥ª/Â¥¦¾+±	¯D¥oPÅ
• γ2.2MeV ¨%¤¥o©¤¥ ¶N«æÔ εγ Õp? γ2.2MeV ² ¢o¶N¾ë«/¤°%¥¢o¶N«O©¯DÁ%¥°%¢o\©¯D«.Á;¯D¢¥Ù¯D¬¦¬¦½.¨%¤Á¶P·¦¥j¤«/¤¢±P½M¶N°%¥É
·o ¨%\¥ª/Â»4·o·o¤¬ÈÅ










































































































































0.02 0.04 0.06 0.08 0.1 0.12
x 10
-2
  57.37    /    47
Constant   7.574  0.2248E-01






















;1½¨¢o¶N±4¤«¾5¯N·o·j²¢F¯N©¤¥ ¶N«b ß û û
Â¤«/·¦¥)½9 g
cm3
 û Å þ

«b









































 ± û µs Åºª/=»N¯D¬¦°/=¾+¯N·°%¢o¨æ¦«^ÑXºjÓ Ôâ¯N·¢o¤ÁR¶N¢¥o¨æ¦«GÃ9©¤¥ ¶N«v
9Å¦ûÕ~ ·Ø	°;¯D¬X¥o¶ τmeas
­ûe ± ûPû µs Åuºª/U¯D±P¢o¤¾+¤«	¥Q¶D² τmeas ¹j¦¥ª τsim ¹j¦¥ª%¦« 1σ ©¶N«Ö/¢¾+·1¶D²S¥ª/Â¢o¤¬¦Ù¯D£%¦¬¦¦¥)½¶D²¥ª/
·¦¾U°%¬Ù¯D¥ ¶N«#Å

































































εtot = εen × εinv × εn × (εr, εγ) = 0.23. Ô¤
9Å¦û4Õ
ºª/\¾5¯D¦«·o½9·¥o¤¾5¯D¥ ©·1·o¶N°%¢o©·1¯D¢oÂ¥)¹X¶? ¥ª/\°%«/©¤¢¥F¯D¦«3¥ ·Q¶N«.¥ª/\·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢1¾5¯N·F·{¨%¤¥o¤¢¾W×É












































O?(Æ)«·¦¥° 11 ÑøÁ%¢o¶3¨°/©¤¥ ¶N«£3½.©¶P·¾W © µ
¦«-ÑXºjÓ
Ã9¶N°%¢o©m¶D²¥ª/~·½9·o¥o¤¾5¯D¥ ©· ÞQ«/©¤¢¥F¯D¦«	¥å½ Ã3½9·o¥o¤¾5¯D¥ ©·1¶N«.¥ª/ 11 Ñ"¢F¯D¥o
Ô¤\Õ ÔÉÇÕ









9Å H? ¸?·¥¦¾5¯D¥o¨O·½9·o¥o¤¾5¯D¥ ©·{¶N«¥ª/m¶N«.¥ª/ 11 Ñ"¢F¯D¥o~¤»N¯D¬¦°;¯D¥ ¶N«.² ¢o¶N¾¨×Ê2¤¢o¤«	¥1·F¶N°%¢o©·Å
r =
N














1.70 ± 0.06 c/d































































¥o¶9¶N¬R² ¶N¢{¨ ·o©¤¢¦¾W¦«;¯D¥¦«%±=¥ª/ 11 Ñ"£;¯N©oµ9±P¢o¶N°%«/¨2Å
ûe
 { {¥}xA 














































































































































 ÈÈÊÉ A Ë





Â Ö Á Á × Â Âº¿hÁ Ø Â ÙµFÆ ×
Â Ö Á Æ × Â Âº¿hÚ Ø Â Ù Â Â Ø
Â Ö Æ Â Û Â Â Á Ù Ø Â Ù Â Æ ×
Â ÖÜÇ=Â × Â Â Á Á × Â Ù ÂÜÇ Û
Â ÖÜÇ&¿ × Â Â Á Ý × Â Ù Â Ú Û
Â Ö Ú Á Û Â Â Æ Ö × Â Ù Â Ý Ø
Âµ µFÂ × Â Â Æµ × Â Ùº¿AÇ Û
ÂµFÂµ Û Â Â Æ Â × Â Ùº¿hÚ Û
ÂµFÂ Ù × Â Â Æ Ù × Â Ùº¿hÝ Û
ÂµFÂº¿ × Â Â Æº¿ × Â Ù Á Æ ×
ÂµFÙ Á × Â Â ÆÜÇ Ø Â Ù Á Ú Û
Âµ*Ç=Ý × Â ÂÜÇ<µ × Â Ù Æ Ù ×
ÂµFÝµ Û Â ÂÜÇ=Â × Â Ù Æº¿ ×
ÂµFÝ Æ Ø Â ÂÜÇ=Ù × Â ÙÜÇ=Ö Û
ÂµFÝ Ý Ø Â ÂÜÇ=Æ × Â ÙÜÇ=Á ×
Â Â Öµ Ø Â ÂÜÇ Ç × Â ÙÜÇ=Ú Û
Â Â Öº¿ × Â ÂÜÇ=Ú × Â ÙÜÇ=Ý Û
Â Âµ µ × Â ÂÜÇ=Ý × Â Ù Úµ Û
Â ÂµFÂ × Â Â Ú Ö × Â Ù Úº¿ Û
Â ÂµFÙ × Â Â Ýµ × Â Ù Ú Á Û
Â Âµ*Ç Ø Â Â Ýº¿ × Â Ù Ý Â ×
Â Â Â Ö × Â Â Ý Æ Ø Â Ù Ý Ù ×
Â Â Âµ × Â Â ÝÜÇ × Â Ù Ý Æ ×
Â Â Â Â × Â Â Ý Ý × Âº¿hÖ Æ Û
Â Â Â Ù × Â Ù Ö Ö × Âº¿hÖÜÇ ×
Â Â Â Á × Â Ù Ö Æ × Âº¿.µÀ¿ ×
Â Â ÂÜÇ × Â Ùµ µ Ø Âº¿.µFÁ ×







































































































Tli/	e γ m 15 s
èêS¾ﬃàF´lÛE±Àá






























































































































áF´%Ú Æèlå Â Ö Öµ*æ

















































































áF´%Ý ÂèEå Â Ö Öº¿AæßµFÚµFÙ Öµ ´
ø
Â Â&ùÄ¾.±LNg ¼úÅ=Õ­Õ-¸ºÔ5Å=¯G¸ºá

































¾.±VÜÅ=¾°¹Nﬃ´°Þ ¸º¾.äF¸ºÕ­Õt6 ±ÀÔLA«­á_± ¶S¾Aá
á
Ól¶u{{&û û û³´ à
¹.àF´ «-¸=àF´ ±@ã®{4|1¹hÔ{<´
ø






































Ól´°Ä±@Å=¯F´%ª«98Ü´­è%Á Ùèlå1µFÝ ÆÜÇ æßµ*Ç<µ*Ç<´
ø









èYL<ÅH ﬀ´FVÜÅ=®°¯F´Nc®.äÀÕ´°êV¾ﬃàF´°¿hÂèEå1µFÝ Ú ÁÜæ ÝµFÙ"!Ýµ*Ç<´
ø
























































































































è	VÜëm×nê Ö ÚèEå Â Ö Öº¿Aæ ÖµFÆ´
ø





























































































































































































































































































































































































































































¾l´%²c¿hÝ Æ#å Â Ö Ö ÙÜæîè:Ù Á Ù"!Ù Æµ ´
ø



































































¾l´­èlå Â Ö Öº¿AæÓ°¾ﬃà
«/ä@à{=Öº¿hÖ Ú Ö Ù Â´
ø



































































èYNm®.äÀÕ´%êV¾ﬃàF´:Þ åeêS¯_ÅAä ´YLA®°Ó°Ó°Õ´ æîèEÇ=Ö











































































































































































áå Â Ö Ö ÖÜæîè

















































































































































































áF´Þ)èﬀÁ Æ Ù°å1µ!mÂÜæîèlÂ Ù
å Â Ö Ö ÙÜæî´
ø
Ýº¿=ùM}8¸º¯_äÀ«-¸í¸º¹.ã#Þú¯_ÅFû ¹lè%êV¾ﬃàF´°Øc±Àû³´:¼p ÜÅ=Õ´:Á ÂMN Æè%Ùº¿.µFÆ"!ÂÜÇ#å1µFÝ Ý ÁÜæî´
ø
Ý Á&ùMﬃ´V®l´ILA»7«­¯





ÝÜÇ*ù6 «/±Àá1âe±ÀÕ/ãám±Àám¸ºÕ´­è°êS¾ﬃàF´.Øm± 5´%¼ Á ÂèEµFÖ Â Ú#å1µFÝ Ý ÁÜæî´
ø

























































áFèEå Â Ö Öº¿Aæî´
ø
µFÖº¿=ù0UN´.ª°¯G¸º¹.ä@Å°è%ÄE±@à














































áF´.êS¾4ﬃ<à*´lµÀ¿zå Â Ö Ö ÖÜæ Ù Ù"!¿AÇ<´
ø
µFÖ Ú&ùÛV´\v³¸ºáﬀ8 ±Àáﬃ¸ºÕèn¼¸º¹l´\VÜÅ=®°¯F´éêS¾ﬃàF´éÂ ÝÏå1µFÝ Áµ*æîèVÁµFÚ¿YÛV´S¼úÅ=¾.±À¹ ±ÀáN¸ºÕèSêS¾ﬃàF´Øc± ﬀ´Âå1µFÝ Á ÝÜæîè
Â Æ Ù¿³N´A×S»7»í¸ﬃ±Àá ¸ºÕèAêV¾ﬃàF´Øc± ﬀ´%µ µFÚ å1µFÝ Æ ÖÜæîèµFÂ ÝÜÇ¿V%´AØmÅÜ¸ºÕ/àﬀ A«­¬N±Àáú¸ºÕè.¼¸º¹l´VÜÅ=®°¯F´<êS¾ﬃàF´°Ù Ý
å1µFÝ Æµ*æîè.Æº¿hÙ¿ëﬃ´Aª°®.äG¾.à ±Àá¸ºÕèFJ5±À«­áF´N)¸ºáF´<²µ*Ç å1µFÝ Æ ÂÜæîè¿hÙ Ý¿6 ´Uß±ÀÕ5Þú«-¸º¹.ä@ÅN±Àá¸ºÕﬀêS¾4ﬃ<àF´<Øc± ﬀ´
µFÂ Æ å1µFÝ Æ ÂÜæîè:Ç=Ö Ý¿ ³N´³V±À¯
Ô°«­¹.àﬀ< «l±Àá¸ºÕèﬂNc®.äÀÕ´°êS¾4ﬃ<à*´%Ç=Ù å1µFÝ Æ ÁÜæîè:Ù Ý Ú¿6 ´ÛlÅ<ä_¾.à
á_±Àám±Àá ¸ºÕè°êV¾ﬃàF´
Øm± 5´5µÀ¿.µ7å1µFÝ Æ ÆÜæîè5µFÖ Ö Â¿°×c´<Þ ¸Q8@¾%¸º¹.Åo ±Àá¸ºÕèAY¸=ã´<ª«98Ü´Ù å1µFÝ Æ ÆÜæîè%Ç<µ µ¿°ëﬃ´ﬂL<ä_¾°«/±À¯ ±Àá¸ºÕèNm®.äÀÕ´
êS¾4ﬃ<à*´.² Â Â ÝCå1µFÝÜÇ&¿Aæîè%Ý Ù¿FV.´°²m¹°¹%¸º¹.ã#±Àám¸ºÕè°êS¾4ﬃ<à*´.Øc± ﬀ´°Ûl±Àá




µ µFÖ&ù0V.´%ÞY¯_Å=Õ­Õ/±ﬃ ±Àác¸ºÕè.êV¾ﬃàF´.Øc± ﬀ´°Ú Ú#å1µFÝ Á ÂÜæîè%ÆµFÚ¿ﬃ´%ÞY¯
«­Õ­Õl±Àá)¸ºÕèFUßÅ<5´°²P<=¸=ã´ﬂNß¸º®ﬂ<JµFÙ Æ#å1µFÝ Æµ*æîè
Á Á¿.ê´ﬂU)«­» Ô4ﬃAÕ/Å*û³è%êS¾4ﬃ<àF´%ìz±@ã´°Þú«/Å=Õ´.Â Á å1µFÝ Ú ÖÜæîè%Æ ÙÜÇ¿°ê´ﬂ6 ±ÀÕ/ä_¾z±Àác¸ºÕè°ÞY®°Õ­Õ´°²m»#´°êS¾4ﬃ<àF´	L<Å<ä ´
Â Æ å1µFÝ Úµ*æîèYÇ=Ö Ú¿YÞ)´²m¹.ã°±À¯_àﬃ±Àá7¸ºÕèXJ5±À«­áF´êS¾ﬃàF´é²ÊÙ ÖµJå1µFÝ Úµ*æîènÙ Á Ù¿úÄ8´fL<Å<±Àûú¸º¯_à_Å=¹.ÅJ±ÀáL¸ºÕè
VÜ²)×VØPÄEÅ< ¸º«Øm±ÀÓ5Å=¯
á_à8ÂÜÇzå1µFÝ Ý ÂÜæîèÙ Áº¿F¿5N´:·c¹.Å ±Àáß¸ºÕèINm®.äÀÕ´^L<äÀ«´ﬀ×S¹°¬.´µFÂ ÂJå1µFÝ Ý ÆÜæcÂº¿AÇ¿ª´












«/Å=¹%¸ºÕEÛE¸ºÔﬀÅ=¯G¸ºá_Å=¯ﬀﬃ å1µFÝ Ý ÖÜæî´
ø
µ µFÂ&ù0V.´ﬀ¼Y®°»7»7«­¹°¬ ±Àáß¸ºÕè.êS¾ﬃàF´:Øc± ﬀ´lµ µ µíå1µFÝ Á ÚÜæîèµFÙ Ú Æ¿F³N´.ê¸º¯
«9< ¾lè	Nm®.äÀÕ´%êV¾ﬃàF´lµFÚCå1µFÝ Æ ÖÜæîè5Æ Â Ú¿
ê´.Þ±À¯
«/Å°è°êS¾ﬃàF´°Øm± 5´ﬀµ µFÝ å1µFÝ Æ ÖÜæîè%ÙµFÆ¿FNﬃ´ëmÅ=¯
û «­áﬀ8³±Àác¸ºÕè°êV¾ﬃàF´°Øc± ﬀ´ﬀµ µ*Çå1µFÝ Æ ÖÜæîèlµFÙ Æµ¿Fv7´
}ßÅ<±ÀÔﬀ±ÀÕﬀ±Àác¸ºÕèﬂNm®.äÀÕ´°êS¾4ﬃ<àF´°Âº¿Cå1µFÝ Æµ*æîè%Â Ú¿ﬂV%´%¼Y®°»7»7«­¹°¬í±Àá¸ºÕlêS¾ﬃàF´°Øc± ﬀ´ﬀµFÂ Áèlå1µFÝ Æ ÂÜæÂ ÖÜÇ=Ú¿
ëﬃ´\}8¸º®ﬂ <«­¹Ï±Àá7¸ºÕèfNc®.äÀÕ´êS¾ﬃàF´éÙ Ý å1µFÝ Æ ÂÜæîèé¿ ¿AÇ¿X}7´EÞú®°á
Õ/±À¯ﬃ±ÀáN¸ºÕèéêS¾ﬃàF´Øc± ﬀ´¼ÆÏå1µFÝÜÇ=ÂÜæîè
µ µFÁ Ù¿°ì´AÞ ¸º¯
Õ/±Àá
á±Àá¸ºÕèêS¾ﬃàF´Ûl±Àá





µ µFÙ&ùê´hØmÅAÅ àV±Àá¸ºÕèNm®.äÀÕ´ÜêS¾4ﬃ<àF´A² Â Á ÁLå1µFÝÜÇ=ÁÜæîè:µFÚÜÇ¿v7´hë)Å à_Å=¹.Å³±Àáú¸ºÕèNm®.äÀÕ´hêS¾4ﬃ<àF´h² Ùº¿hÙ å1µFÝ Ú ÖÜæîè
Â Ùº¿F¿.ëﬃ´Fm¾°¹h®°»í¸í±Àác¸ºÕWVÜÅ=®°¯F´°êS¾ﬃàF´L<Å<ä ´Vh¸ºÓ%¸º¹#¿hÚµFÚµFÂ¿}7´	LA»7«­á
¾#±Àác¸ºÕè°êS¾ﬃàF´.Øm± 5´.¼ Ù Ö
å1µFÝ Úº¿Aæîè5Á Ý Ù´
ø
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